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Abstract: Asymmetric transfer hydrogenation has become
a practically useful tool in reduction chemistry in the last
decade or so. This was largely triggered by the seminal
work of Noyori and co-workers in the mid-1990s and is
driven by its complementing chemistry to hydrogenation
employing H2. This Focus Review attempts to present a
“holistic” overview on the advances in the area, focusing
on the achievements recorded around the last three years.
These include more-efficient and “greener” metal cata-

lysts, catalysts that enable hydrogenation as well as trans-
fer hydrogenation, biomimetic and organocatalysts, and
their applications in the reduction of C=O, C=N, and C=C
bonds. Also highlighted are efforts in the development of
environmentally benign and reusable catalytic systems.

Keywords: asymmetric catalysis · green chemistry · homo-
genous catalysis · hydrogenation · organocatalysis

1. Introduction

The reduction of prochiral compounds with a hydrogen
donor other than hydrogen gas in the presence of a chiral
catalyst is known as asymmetric transfer hydrogenation
(ATH). Because of its operational simplicity and versatility,
ATH has become one of the best reduction systems for both
academia and industry.

Although enzymes are well known to be highly enantiose-
lective in ATH by using NADH or NADPH as a hydrogen
donor, it took chemists several decades to develop chemical
catalysts with selectivities approaching those of enzymes.
The first ATH was reported by Doering and Young, who de-
signed an asymmetric version of the Meerwein–Pondorf–
Verley reduction of ketones by using an achiral catalyst and
a chiral hydrogen source.[1] In the 1970s, the Ohkubo and
Sinou groups demonstrated the feasibility of using a chiral
transition-metal catalyst to achieve ATH by combining
[RuCl2ACHTUNGTRENNUNG(PPh3)3] with a chiral monophosphine ligand.[2] Since
then, several chiral catalytic systems for ATH have been de-
veloped, including Pfaltz�s iridium,[3] Genet�s ruthenium,[4]

Lemaire�s rhodium,[5] and Evans� samarium systems.[6] How-
ever, there were few transition-metal catalysts that could
provide enantioselectivity exceeding 90 % ee before 1995. A
significant breakthrough in transition-metal-catalyzed ATH
was then made by Noyori and co-workers; RuII catalysts

bearing monotosylated 1,2-diamines or amino alcohols were
discovered to be highly efficient and enantioselective for the
reduction of ketones with isopropyl alcohol (IPA) or
HCOOH/Et3N azeotrope.[7]

These Noyori–Ikariya-type catalysts, which have found
broad applications[8] and operate through a novel metal–
ligand bifunctional mechanism,[9] have since inspired intense
research into ATH. The concept of bifunctional catalysis has
also been extended into the design of catalysts for other
chemical transformations,[10] and efforts have been made to
immobilize the catalysts and develop more environmentally
benign reaction conditions. New catalysts, which are more
efficient or more economic and “greener”, are being
searched. Alongside the organometallic catalysts, biomimet-
ic and organocatalytic ATH has emerged, providing new
tools for organic synthesis and insight into processes in
nature. The remarkable progress in ATH, including mecha-
nistic understanding, that has been made in the past one
decade or so, has been extensively reviewed.[8c,9e, 11] Hence,
in this Focus Review, we place emphasis on more recent ad-
vances, particularly those dealing with new catalytic systems
reported around the last three years.

2. More-Selective, Faster, and Greener Catalysts

Ever since Noyori and co-workers disclosed the metal–
ligand bifunctional RuII catalysts, many new catalysts have
been discovered or designed for ketone reduction. These in-
clude those ligated with bidentate ligands, such as dia-
mines,[12] amino alcohols,[13] tridentate ligands,[14] and tetra-
dentate ligands,[15] most of which are capable of metal–
ligand bifunctional cooperation. Some representative ligands
are shown in Scheme 1, and their applications in ATH have
been summarized before.[8c,11]
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Among the emerging catalysts, the structurally rigid, teth-
ered ruthenium and rhodium catalysts developed by Wills
and co-workers are of particular note.[16] The tether offers
an additional element in controlling enantioselection and in
stabilizing the catalysts. Thus, the RuII catalysts 8 and 9 are
good ATH catalysts, generally providing faster reaction
rates than the nontethered analogues for ketone reduction
using HCOOH/Et3N azeotrope as the hydrogen donor
(Scheme 2).[16a–c,f] The RhIII catalyst 10 affords a remarkably
high enantioselectivity of 99.9 % ee for tetralone reduction
and is particularly good for the ATH of a-substituted aro-

matic ketones.[16d] Of still further interest is the RhIII catalyst
11, which represents one of the best ATH systems for ali-
phatic ketone reduction, providing an ee value of 87 % in
the reduction of cyclohexylmethyl ketone using HCOOH/
Et3N azeotrope as the hydrogen donor (Scheme 2).[16e]

These catalysts are also active in water without compromis-
ing enantioselectivity (see below).

Adolfsson and co-workers found that amino acid deriva-
tives can act as ligands in ATH reactions.[17] By simply
changing the functionality on the same amino acid back-
bone, the RhIII catalysts were shown to be enantioswitcha-
ble. For instance, the ligand 13 and 14 both gave the R-con-
figured product in the reduction of acetophenone, indicating
that the stereocenter in the amino acid backbone dictates
the facial selection of ketone; having the same amino acid
backbone, however, ligand 12 produced the S product
(Scheme 3).[17f,g] Although the reason behind this result is
still not clear, this enantioswitchable feature allows access to
both enantiomers.

Two other types of catalyst are worth noting. Cyclometa-
lated ruthenium complexes generated from [Ru ACHTUNGTRENNUNG(h6-are-
ne)Cl2]2 and simple chiral amines proved to be active cata-
lysts for ketone reduction by de Vries and co-workers, af-
fording up to 89 % ee.[18] Reetz and co-workers reported that
the RuII catalysts, which unusually contain a phosphite
ligand 15, could produce high enantioselectivities for both
aromatic and aliphatic ketones (Scheme 4).[19] Aliphatic ke-
tones, challenging substrates for normal ATH catalysts, were
reduced with up to 99 % ee using IPA as the hydrogen
donor.

Highly active and productive transfer hydrogenation cata-
lysts are emerging, with TOFs and TONs comparable to
some of the best asymmetric hydrogenation catalysts. Barat-
ta and co-workers have developed a series of very active
ruthenium catalysts for the transfer hydrogenation of ke-
tones.[20] The cyclometalated RuII complex 16 was initially
shown to be a highly active transfer hydrogenation catalyst,
affording TOFs up to 6 �104 h�1 in the reduction of aceto-
phenone using IPA as the hydrogen source in the presence
of a base (Scheme 5).[20a] Further development led to the
RuII complex 17 bearing a CNN ligand[20b] and the RuII com-
plex 18 bearing a cyclometalated carbene,[20c] both of which
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Scheme 1. Representative ATH ligands.
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are excellent transfer hydrogenation catalysts, achieving a
TOF of 1.1 � 106 and 1.1 �105 h�1, respectively, for the reduc-
tion of acetophenone.

Asymmetric induction has been demonstrated with similar
catalysts. When a chiral CNN ligand was used (19), good
enantioselectivity was obtained with the high activity retai-
ned.[20d] Recently, the RuII complex 20, which bears a chiral
phosphine ligand and 2-(aminomethyl)pyridine (ampy), was
revealed to catalyze the ATH of ketones in IPA, affording
up to 3 � 105 h�1 TOF and 94 % ee.[20e] The RuII complex 21,
obtained in high diastereoselectivity even when racemic 1-
(pyridin-2-yl)methanamine (pyme) and a chiral phosphine
ligand were used, afforded high TOFs (up to 7 � 104 h�1) and
enantioselectivities (up to 99 % ee) for the ATH of keto-
nes.[20f] The analogous osmium complex is also a viable ATH
catalyst, affording up to 5 � 105 h�1 TOF and 96 % ee.[20g] The

ampy structure in these cata-
lysts seems to play a crucial
role, aiding hydride generation
and presumably enantioselec-
tive hydride transfer to the
ketone.

Other highly active achiral
transfer hydrogenation cata-
lysts have also been reported.
Mathey, Le Floch, and co-
workers showed that the cat-
ionic RuII complex 22 could
provide a TOF of 1.2 � 106 h�1

in the transfer hydrogenation
of acetophenone using IPA as
the hydrogen donor.[21] Stra-
diotto and co-workers reported
a novel, formally zwitterionic
RuII complex 23, which afford-
ed TOFs as high as 2.2 �105 h�1

in ketone reduction in IPA.[22]

It is worth noting that catalysts
22 and 23 could not provide a
metal–ligand bifunctionality as

the Noyori-type ATH catalysts do, suggesting that fast trans-
fer hydrogenation is feasible with other mechanistic path-
ways. Very recently, Gr�tzmacher and co-workers disclosed
a RhI amido complex 24, which is capable of transfer hydro-
genating ketones and C=C double bonds using ethanol as
the hydrogen donor. This is a very efficient catalyst, reduc-
ing acetophenone with a TOF up to 6 � 105 h�1 with a clean
and cheap alcohol as the hydrogen source at 40 8C.[23]

Table 1 compares the results obtained with the catalysts 16–
24 in the transfer hydrogenation of acetophenone. Although

Scheme 2. Tethered catalysts and their applications in ATH.

Scheme 3. Enantioswitchable amino acid ligands and their applications.

Scheme 4. RuII-phosphite catalyst for the ATH of aromatic and aliphatic
ketones.
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the asymmetric version of some of these catalysts is not yet
available, the discoveries may shed light on the design of
new, more effective ATH catalysts.

Parallel to the quest for more-efficient ATH catalysts, the
discovery of “greener” catalysts becomes another focal
point. Iron, the active site of hydrogenases,[24] is cheaper and
more abundant and environmentally benign compared to
the more commonly used ruthenium, rhodium, and iridium.
However, the development of iron catalysts for hydrogena-
tion or transfer hydrogenation lags far behind. Early in
1972, Noyori and co-workers reported that [Fe(CO)5] could
catalyze the selective hydrogenation of the C=C double
bond of a,b-unsaturated ke-
tones and aldehydes.[25] The
iron carbonyl was also shown
by Marko and co-workers to
be a good catalyst for the hy-
drogenation of imines.[26] Sub-
sequent work from Vancheesan
and co-workers demonstrated
that iron carbonyls derived
from [Fe3(CO)12] catalyze the
transfer hydrogenation of ke-
tones with IPA or 1-phenyl-
ethanol as the hydrogen donor,
affording moderate to good
yields.[27] Later, Bianchini, Gra-
ziani, and co-workers reported
a nonclassical trihydride 25 to
be an effective catalyst for the
selective reduction of unsatu-
rated carbonyl compounds,
using either IPA or cyclopenta-
nol as the hydrogen donor

(Scheme 6).[28] The selectivity between the carbonyl group
and C=C double bond was substrate dependent.

Significant progress in transfer hydrogenation with iron
catalysts has only been made in the past few years. Beller
and co-workers reported iron-terpyridine-phosphine[29] and
iron-porphyrin[30] systems for the transfer hydrogenation of
ketones using IPA as the hydrogen donor. The easily acces-
sible [Fe3(CO)12] and FeCl2 were found to be suitable metal
precursor in these catalytic systems. Both aromatic and ali-
phatic ketones were reduced with excellent yields. Casey
and co-workers disclosed a bifunctional iron complex 26,
which was capable of both hydrogenation and transfer hy-
drogenation,[31] presenting the first example of iron catalysts
for hydrogenation as well as transfer hydrogenation. High
selectivity towards polar multiple bonds, such as carbonyl
and imine groups, was observed. Bearing a hydride and an
acidic hydrogen atom, the structurally well-defined catalyst

Scheme 5. Highly active catalysts for transfer hydrogenation including
ATH.

Table 1. Comparison of catalyst performance in the transfer hydrogena-
tion of acetophenone.

Entry Catalysts S/C TOF [h�1] ee [%] Ref.

1 16 2�103 6�104 – [20a]
2 17 2�104 1.1� 106 – [20b]
3 18 2�103 1.1� 105 – [20c]
4 19 2�104 9.3� 105 71 [20d]
5 20 2�103 3�105 85 [20e]
6 21 2�103 7�104 95 [20f]
7[a] 22 2�105 1.2� 106 – [21]
8 23 2�103 1.8� 105 – [22]
9[b] 24 1�105 6�105 – [23]

[a] The temperature was 90 8C. [b] Ethanol was used as the hydrogen
donor at 40 8C.

Scheme 6. Hydrogenation with iron catalysts.
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is analogous to the active Shvo ruthenium catalyst[9e, 32] and
has features reminiscent of diiron hydrogenases.[24]

The first iron catalyst for the ATH reaction was reported
in 2004 by Gao and co-workers, who demonstrated that the
[Et3NH]+ ACHTUNGTRENNUNG[HFe3(CO)11]

� complex together with the ligand 7,
originally developed by the same group, could catalyze the
ATH of ketones in IPA, affording good yields and ee
values.[33] Very recently, Morris and co-workers reported a
structurally well-defined iron ATH catalyst 27, which afford-
ed up to 907 h�1 TOF for ketone reduction, although the
enantioselectivity still needs to be improved.[34] The perfor-
mance of some of the iron catalysts is shown in Scheme 6.

Some new strategies in asymmetric catalysis have also
been adopted in ATH. For instance, Mikami and co-workers
reported that an achiral ligand could be activated by a chiral
ligand when both are coordinated to a metal (Scheme 7).[35]

The RhI complex 28, bearing a chirally activated achiral
2,2’-bis(diphenylphosphino)benzophenone ligand, gave vir-
tually perfect enantiocontrol in the ATH of ketones, outper-
forming its enantiopure binap counterpart. In the reduction
of 2-methyl acetophenone, complex 28 afforded a 99 % ee
value while the binap complex only gave a 57 % ee. As
aforementioned, the highly active ATH catalysts 21 reported
by Baratta and co-workers incorporate a somewhat similar
tactic.[20f,g]

Hamelin and co-workers synthesized the complex 29 from
an octahedral, “chiral-at-metal” complex L-[Ru(bipyridi-
ne)2(bipyrimidine)]2+ , without using any chiral ligands. In
the ATH of ketones, 29 afforded ee values of up to 26 %,
with the chiral information being relayed through the bridg-
ing bipyrimidine ligand.[36] Although the enantioselectivity is
low, this “chiral inorganic ligand” may lead to the design of
new catalysts.

3. Towards “Universal” Catalysts

Discovery of “universal” catalysts, which are not only effi-
cient for asymmetric hydrogenation (AH) but also for ATH,
is a long-term objective for chemists. Catalysts of this type
are intellectually appealing and would be practically more
useful. In general, however, catalysts that are efficient for
hydrogenation tend to be poor for transfer hydrogenation,
and vice versa. The main reason might be, as Ikariya point-
ed out in 2001, that the electronic properties on the metal
center are vital to determine whether a catalyst is suitable

for hydrogenation or for transfer hydrogenation.[37] We must
also note that the mode of hydride generation is fundamen-
tally different in hydrogenation with H2 versus transfer hy-
drogenation with, for example, IPA.

For almost all the functional groups, hydrogenation has
been more successful than transfer hydrogenation. In the
1990s, some good hydrogenation catalysts were tested for
transfer hydrogenation reactions, but only a few exhibited
good performance in transfer hydrogenation in terms of cat-
alytic activity and enantioselectivity. An earlier example is
seen in the RuII-binap complex 30 (Scheme 8), which was

first employed by Noyori and co-workers in the AH of a,b-
unsaturated carboxylic acids, demonstrating excellent ste-
reocontrol for various substrates.[38] This catalyst was investi-
gated by Brown and co-workers in the ATH of a,b-unsatu-
rated carboxylic acids using HCOOH/Et3N azeotrope as the
hydrogen donor, affording moderate enantioselectivities.[39]

Later Saburi and co-workers found that simple alcohols,
such as IPA or ethanol, are good hydrogen donors for the
ATH of a,b-unsaturated carboxylic acids using a similar
complex.[40] The catalyst was also tested by Genet, Khai, and
their co-workers in the ATH of ketones using IPA or
[Et3NH]+ ACHTUNGTRENNUNG[H2PO2]

� as the hydrogen donor.[4,41] These cata-
lysts showed better enantioselectivities in hydrogenation
than in ATH, however.

The RuII-diamine-diphosphine complex 31, one of the
best AH catalysts for ketones developed by Noyori and co-
workers,[42] was studied by Morris and co-workers for ATH;
but both the activity and enantioselectivity were poor under
ATH conditions.[43] Thus, while S/C ratios of up to 2 �106

and high ee values (up to 99 %) were demonstrated for a va-

Scheme 7. Catalysts adopting new strategies.

Scheme 8. Catalysts capable of both hydrogenation and transfer hydroge-
nation.
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riety of substrates in hydrogenation, the system showed
much lower catalytic activity and enantioselectivity in ATH.

In 2005, Noyori and co-workers found that by using ampy
instead of symmetric diamine in the RuII-diphosphine-dia-
mine system, alkyl ketones could be reduced with high effi-
ciency and enantioselectivity via AH by 32 (Scheme 8).[44] In
a related study, Baratta and co-workers observed that the
trans-[RuCl2ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(diamine)] complex could be converted
into the cis isomer upon refluxing in toluene, which could
be further converted into a chiral RuII complex without al-
tering its configuration (Scheme 9).[20e] This subtle change in
configuration and the use of ampy as ligand resulted in
highly active transfer hydrogenation catalysts, such as 20
and 21 discussed above (Scheme 9).[20e,f,g] However, it re-
mains to be seen whether this configuration change is neces-
sary for an effective AH–ATH switch.

On the other hand, some ATH catalysts have proved to
be good AH catalysts recently. Blaser and co-workers re-
ported that the RuII-oxazoline complexes 33 and 34
(Scheme 8), successful in ATH reactions,[45] can serve as
good AH catalysts.[46] Under hydrogenation conditions, the
S/C ratio could be increased to 5 �104 with a TOF of up to
9800 h�1 obtained for acetophenone reduction, and high sub-
strate concentration was tolerated (Scheme 10). The TOF in
ATH was much lower, however.

Very recently, Ohkuma, Noyori, and co-workers disclosed
that the complex 35, derived from the now “classic” chloride

analogue, which is highly suc-
cessful in ATH,[7a] could be
used to activate dihydrogen in
polar solvents.[47] With triflate
as the counterion, 35 is more
easily ionized, generating a cat-
ionic species, which provided
excellent activity and enantio-
selectivity in the hydrogenation
of ketones. Base-sensitive sub-
strates, such as 4-chromanone,
could be enantioselectively hy-
drogenated to afford up to
97 % ee with an S/C ratio of
3000 under 10 atm H2 pressure
(Scheme 11). More recently,
Ohkuma and co-workers re-
ported that base-sensitive a-
hydroxyl aromatic ketones and

a-chloro aromatic ketones could also be reduced using a
similar IrIII-tsdpen catalyst 36 or the RuII complex 35
(Scheme 11).[48]

Mechanistic studies revealed that both the ATH and AH
proceed through a metal–ligand bifunctional pathway.[49]

However, the cationic species is the key to the success of
the hydrogenation, as it enables efficient hydride formation
from H2 (Scheme 12). Recent work from Rauchfuss and co-
worker supports this view; protonation of a 16e IrIII ana-
logue accelerates the generation of an analogous IrIII-H spe-

Scheme 9. Hydrogenation and transfer hydrogenation with structurally similar catalysts.

Scheme 10. RuII-oxazoline complex for both transfer hydrogenation and
hydrogenation.

Scheme 11. ATH catalysts for AH.
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cies from H2.
[50] In contrast, the RuII-H hydride in ATH can

be readily formed from either the neutral RuII-Cl precatalyst
and formate or the 16e species and an alcohol, such as
IPA,[7d,51] highlighting the difference in hydride formation in
ATH and AH.

There are also some achiral catalysts which are capable of
both hydrogenation and transfer hydrogenation. For in-
stance, the Shvo catalyst 37 (Scheme 8), which was reported
to be efficient in hydrogenating various substrates,[32a] was
used by B�ckvall and co-workers for the transfer hydrogena-
tion of ketones and imines using IPA as the hydrogen
source.[52] The mechanism of the ketone reduction under
transfer hydrogenation conditions is shown to be concerted,
with the hydroxy group on the arene ligand acting as a
proton donor or Lewis acid; however, the mechanism of
imine reduction is less clear.[32a,b, 53] Very recently, we demon-
strated that the IrIII-diamine complex 38 (Scheme 8) is a
good catalyst for aldehyde reduction under both transfer hy-
drogenation and hydrogenation conditions in water, provid-
ing a fast reaction rate and excellent chemoselectivity to-
wards the formyl group (see below).[54]

4. Learning from Nature: Biomimetic and
Organocatalytic Transfer Hydrogenation

Inspired by nature, much effort has been made to mimic the
function of enzymes. In the area of ATH, considerable prog-
ress has been witnessed in artificial metalloenzyme design
and organocatalysis. Early in 1978, Whitesides and co-work-
ers disclosed that an achiral RhI-diphosphine complex,
bound to a protein through noncovalent interactions, can
induce moderate enantioselectivity in the hydrogenation of
a-acetamidoacrylic acid.[55] This concept was further studied
by Chan and co-workers,[56] and more recently was exten-
sively developed by Ward and co-workers.[57] Biotin displays

a strong affinity for streptACHTUNGTRENNUNG(avidin), allowing biotinylated mo-
lecular metal catalysts to be incorporated into proteins and
so giving rise to artificial metalloenzymes. Using biotinylat-
ed achiral RuII-diamine catalysts, Ward and co-workers
showed that the resulting artificial metalloenzymes are capa-
ble of ATH reactions using HCOONa as the hydrogen
source (Scheme 13).[57c,d] Up to 92 % conversion and 94 % ee

were obtained in the ATH of aryl ketones under optimal
conditions. An attractive feature of these metalloenzymes is
that they can be optimized or evolved both chemically and
generically, thus providing a wide parameter space to dis-
cover catalysts of desired capability. Indeed, by saturation
mutagenesis of the host protein and chemical modification
of the spacer and metal complex, ee values of up to 97 %
were obtained for aromatic ketones.[57e] When armed with
structural information and chemogenetic and high-through-
put technologies, artificial metalloenzymes of practical po-
tentials could be discovered in a faster and more designed
manner.[57f]

The design of catalysts based on a supramolecular archi-
tecture is another approach for chemists to mimic nature.
Woggon and co-workers reported that RuII complexes of b-
cyclodextrin modified with amino alcohols could serve as ef-
ficient ATH catalysts in water using HCOONa as the hydro-
gen source (Scheme 13).[58] Unconjugated ketones were re-
duced with high ee values and yields, although the S/C ratios
were low (Scheme 14). The b-cyclodextrin was considered to
play an important role in the enantiocontrol through preor-
ganization of the substrates in its hydrophobic cavity. Very
recently, the same group disclosed a related catalyst with the
ruthenium unit attached to the secondary face of b-cyclo-
dextrin.[59] The catalyst allows for ATH of the challenging
aliphatic ketones, impressively affording ee values of up to
98 % (Scheme 14). The enantioselection presumably arises
from chiral relay from b-cyclodextrin to the ruthenium
center, changing the later into a “chiral-at-metal” species.

Scheme 12. Catalytic cycle for AH by ATH catalysts.

Scheme 13. Biomimetic catalysts capable of ATH.
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The regeneration of NADH or NADPH provides impetus
for developing enzyme-compatible metal catalysts. Most en-
zymes involved in redox reactions rely on the cofactors
NADH or NADPH to provide hydrogen; these cofactors
are expensive to acquire, however. Steckhan and co-workers
first reported that the RhIII-bipyridine complex 39 could
convert NAD+ and NADP+ into NADH and NADPH
using formate as the hydrogen source (Scheme 15).[60] This
regeneration system could be combined with alcohol dehy-
drogenases to reduce ketones, affording up to 99 % ee.[61]

Recently, Schmid and co-workers also reported that the
RhIII-bipyridine catalyst could be coupled with both reduc-
tion and oxidation enzymes.[62] Gram-scale production of
chiral alcohols has been achieved with this type chemoenzy-
matic method.

More recently Suss-Fink and co-workers reported that
water-soluble phenanthroline complexes of rhodium, iridi-
um, and ruthenium are efficient catalysts for the regenera-
tion of NADH.[63] The RhIII complex 40 is particularly
active, providing up to 2000 h�1 TOF for the conversion of
NAD+ into NADH using HCOONa as the hydrogen
source. The catalyst is also compatible with enzymes; when
coupled with an alcohol dehydrogenase, an 80 % conversion
and 96 % ee were obtained for 4-phenylbutan-2-one
(Scheme 15).

The mechanism of NADH regeneration has been studied
by Fish and co-workers. The proposed catalytic cycle is illus-
trated in Scheme 16. The hydride transfer to the NAD+ ap-
pears to be assisted by the coordination of amide carbonyl
group to the metal center, which presumably is made possi-
ble by Cp* ring slippage.[64]

Mimicking what nature does, organocatalysis using
NADH analogues as hydrogen donor, for example,
Hantzsch ester, has emerged as yet another powerful tool in
ATH.[65] In this approach, a chiral organocatalyst is used to
interact with or activate a substrate, while the hydride is
enantioselectively transferred from the Hantzsch ester to
the substrate. There are mainly two classes of organocata-
lysts in ATH. One involves iminium catalysis for substrates
bearing carbonyl groups, and the other exploits Brønsted
acids to form tight ion pairs with a substrate, for example,
an imine (Scheme 17). However, the essence of the two ap-
proaches shown in Scheme 17 is the same, namely electro-
philic catalysis or activation of electrophiles, a tactic exqui-
sitely exploited by enzymes.

The iminium catalysis was developed by MacMillan and
co-workers.[66] However, the first application of the iminium
catalysis in transfer hydrogenation was reported by the List
group, who demonstrated that an achiral ammonium salt

Scheme 14. Products from ATH by b-cyclodextrin-based catalysts.

Scheme 15. Catalysts for regeneration of NADH and their application in
enzymatic reduction.

Scheme 16. Proposed mechanism for the regeneration of NADH from
NAD+ by a Rh-bipyridine catalyst.
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could catalyze the selective reduction of the C=C double
bond of a,b-unsaturated aldehydes by using Hantzsch ester
and its derivatives as the hydrogen donor.[67] Subsequently
and almost simultaneously, List and MacMillan reported
that the chiral ammonium catalysts 41[68] and 42[69] catalyzed
the ATH of b-disubstituted a,b-unsaturated aldehydes with
high ee values, regardless of
the geometry of the aldehydes
(Scheme 18). Later List and
co-workers introduced the con-
cept of asymmetric counteran-
ion-directed catalysis into this
reaction by using catalyst 44
(Scheme 18), in which the chir-
ality stems from the counteran-
ion.[70] a,b-Unsaturated ke-
tones are more-challenging
substrates; but they could be
reduced with catalyst 43[71] or
by using catalyst 45
(Scheme 18) with matched
chiral elements.[72] Scheme 19
shows some representative
products obtained by organo-
catalytic ATH through the imi-
nium cycle.

As with chiral ammonium salts, chiral Brønsted acids are
also powerful in organocatalytic asymmetric synthesis.[73]

The application of chiral Brønsted acid catalysis in ATH
was first reported by Rueping and co-workers, who used the
chiral phosphoric acid 47 as catalyst in the reduction of keti-
mines by Hantzsch ester (Scheme 20).[74] Subsequently, a
more enantioselective catalyst 48 was disclosed by List and
co-workers for the same reduction.[75] MacMillan and co-
workers extended the catalysis into asymmetric direct reduc-
tive amination (DRA) of ketones with aromatic amines; the
chiral phosphoric acid 50 displayed a broad substrate scope
and high enantioselectivity.[76] In a related study, List and
co-workers showed that DRA of a-substituted aldehydes
with the chiral phosphoric acid 49 as catalyst is feasible,
through a process of dynamic kinetic resolution (DKR).[77]

Recently, the asymmetric reduction of a-iminoesters to pro-
duce chiral a-amino esters was achieved by Antilla and co-
workers by using catalyst 53, affording excellent enantiose-
lectivities.[78] The reaction could be performed in a one-pot
manner for some substrates without comprising the ee

Scheme 17. Iminium and Brønsted acid catalysis in ATH.

Scheme 18. Organocatalysts for iminium catalysis.

Scheme 19. Reduction products resulting from a,b-unsaturated compounds.
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values. Heterocyclic compounds such as benzoxazines, ben-
zothiazines, and benzoxazinones were reduced by using the
more sterically congested chiral phosphoric acid 51, with a
catalyst loading as low as 0.01 mol %.[79] Scheme 21 shows
some representative products obtained from these reactions
with the catalysts 47–51 and 53.

Quinolines and pyridines have also been reduced under
organocatalytic ATH conditions. Examples are presented in
Scheme 22. The phosphoric acid 52 (Scheme 20) is a good
catalyst, affording up to 99 % ee.[80] Several natural products,
including galipinine, cuspareine, and angustureine, were syn-
thesized by quinoline reduction with good yields and ee
values. Recently Du and co-workers disclosed the use of cat-
alyst 54 (Scheme 20) for the reduction of quinolines, with ee
values up to 98 % obtained; the catalyst loading could be

lowered to 0.2 mol %.[81] As is seen in Scheme 22, pyridine
compounds are also reducible with the catalyst 52.[82]

The Jacobsen-type thiourea catalyst 55 (Scheme 23)[83] has
recently been exploited for the asymmetric reduction of b,b-
disubstituted nitroolefins by Hantzsch ester, providing excel-
lent yields and enantioselectivity. An example is seen in
Scheme 23.[84] There appears to be no organocatalyst capa-
ble of reducing C=O bonds with Hanstzch ester. However,

when using a copper oxazoline
complex 56 as the catalyst,
Hantzsch ester is shown to
reduce ketone esters
(Scheme 23).[85]

5. Water as Solvent

While enzymatic-type ATH
normally takes place in water,
most man-made catalysts use
organic media. ATH in water
can simplify the operation pro-
cedures and, at the same time,
make the process more eco-
nomic and “greener”; signifi-
cant progress has been record-
ed in this direction in the past
few years.[11f–h, 16e, 54, 57,63,86–89] Re-
ports on ATH in aqueous
media were initially concerned
with organic/water biphasic
systems, with efforts focusing
mainly on the design of water-

Scheme 20. Organocatalysts based on Brønsted acids.

Scheme 21. Amine products resulting from imine reduction, DRA, or DKR of aldehydes with amines.

Scheme 22. Reduction of quinolines and pyridines.
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soluble catalysts based on the modification of existing lig-ACHTUNGTRENNUNGands.[88a,b,f] However, the resulting catalysts displayed activi-
ties and/or enantioselectivities lower than might be expect-
ed. In 2004, we found that, without any modification, the
Noyori–Ikariya catalyst Ru-1, derived in situ from [RuCl2ACHTUNGTRENNUNG(p-
cymene)]2 and 1 (Scheme 1), enables efficient ATH in neat
water.[88g] The reaction was considerably faster than in or-
ganic media and afforded excellent enantioselectivities. For
example, acetophenone was reduced in 95 % ee in 1 h at an
S/C ratio of 100 at 40 8C.

We soon found that, when combined with [RuCl2 ACHTUNGTRENNUNG(p-
cymene)]2, [Cp*RhCl2]2, or [Cp*IrCl2]2, other ligands, which
were designated for organic solvents, were also effective for
ATH in water with no need for modification or organic sol-
vents. A number of ligands/catalysts have since been ex-
plored for ATH in water; selected examples are shown in
Scheme 24; additional examples are given elsewhere (li-

gands 1 and 2,
Scheme 1).[16e, 63,88, 89] It is of fur-
ther interest that the aqueous-
phase ATH has already seen
commercial applications.[11g,88r]

A recent review summarized
the progress made in ATH in
water;[11h] hence it will not be
repeated here. Instead, for
comparison, we summarize in
Table 2 the results obtained in
the ATH of the benchmark
substrate acetophenone with
various catalysts. In general,
the catalysts were derived from
the ligands and metal precur-
sors aforementioned, for exam-
ple, Ir-61 from [Cp*IrCl2]2 and
ligand 61 in water. Briefly, the

monotosylated diamines serve as efficient ligands for the
ATH of ketones by HCOONa in water. Under the given re-
action conditions, the RhIII catalysts led to better perfor-
mance in terms of reaction rate and enantioselectivity (en-
tries 13, 21, 22, 26, 27, 31, 32, 36, 41, 57–59, 63, and 64,
Table 2), and the camphor-sulfonated ligand 63 led to the
best enantioselectivity (entries 34–42, Table 2). Often the
ATH reactions are run biphasically, as the substrates are
usually water insoluble. Being miscible with water, poly(eth-
ylene glycol) (PEG) has recently been used by Fan and co-
workers as a cosolvent for aqueous ATH, allowing the re-
duction to proceed homogeneously (entry 20, Table 2).[89s] It
is worth noting that the reduction with RhIII and IrIII cata-
lysts can be performed in the open air without degassing
and/or inert gas protection throughout, affording the same
conversion and ee values (entries 22, 27, and 32, Table 2).
However, recent studies from Rauchfuss and Ikariya show

Scheme 23. Reduction of the C=C bond of a nitroolefin and the C=O bond of a ketoester with Hantzsch ester.

Scheme 24. Examples of ligands/catalysts used for ATH in aqueous media.
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Table 2. ATH of acetophenone with various catalysts in aqueous media.

Entry Cat. Solvent [H][a] S/C[b] T [8C] t [h] Conv. [%] ee [%] Ref.

1 Ru-57 IPA-H2O IPA 200 22 48 96 94 [88a]
2 Rh-57 IPA-H2O IPA 200 22 24 92 97 [88b]
3 Ir-57 IPA-H2O IPA 200 22 140 90 82 [88b]
4 Ru-58 IPA-H2O IPA 200 22 48 91 88 [88a]
5 Rh-58 IPA-H2O IPA 200 22 18 94 95 [88b]
6 Ir-58 IPA-H2O IPA 200 22 26 88 96 [88b]
7 Ru-59 H2O HCOONa 400 40 18 98 69 [88d]
8 Rh-60 HCOOH aq.HCOONa 100 40 24 >99 51 [88e]
9 Ru-61a H2O HCOONa 100 40 24 >99 95 [88f]
10 Rh-61a H2O HCOONa 100 40 24 92 84 [88f]
11 Ir-61a H2O HCOONa 100 40 24 10 58 [88f]
12 Ru-61b H2O HCOONa 100 28 0.5 33 95 [89p]
13 Rh-61b H2O HCOONa 100 28 0.5 97 97 [89p]
14 Ir-61b H2O HCOONa 100 28 0.5 29 94 [89p]
15 Ru-1 H2O HCOONa 100 40 1 99 95 [88g]
16 Ru-1 H2O F/T[c] 100 40 1.5 >99 97 [89p]
17 Ru-1 H2O F/T[c] 1000 40 9 >99 96 [89p]
18 Ru-1 H2O F/T[c] 5000 40 57 98 96 [89p]
19 Ru-1 H2O F/T[c] 10000 40 110 98 94 [89p]
20 Ru-1[d] PEG/H2O HCOONa 100 40 3 >99 96 [89s]
21 Rh-1 H2O HCOONa 100 40 0.5 99 97 [89t]
22 Rh-1[e] H2O HCOONa 100 40 0.5 99 97 [89t]
23 Ir-1 H2O HCOONa 100 40 3.5 99 93 [89t]
24 Ir-1[e] H2O HCOONa 100 40 12 95 92 [89t]
25 Ru-2 H2O HCOONa 100 40 2 99 85 [88q]
26 Rh-2 H2O HCOONa 100 40 0.25 >99 95 [88q]
27 Rh-2[e] H2O HCOONa 100 40 0.25 99 96 [88q]
28 Rh-P2[f] H2O HCOONa 50 40 10 53 68 [89c]
29 Ir-2 H2O HCOONa 100 40 3 99 93 [88q]
30 Ru-62 H2O HCOONa 100 40 2.5 >99 81 [89r]
31 Rh-62 H2O HCOONa 100 40 0.25 >99 94 [89r]
32 Rh-62[e] H2O HCOONa 100 40 0.25 >99 94 [89r]
33 Ir-62 H2O HCOONa 100 40 1.5 >99 92 [89r]
34 Ru-63 H2O HCOONa 100 40 2 99 97 [89f]
35 Ru-63 H2O HCOONa 1000 40 20 95 96 [89f]
36 Rh-63 H2O HCOONa 100 40 0.7 99 99 [89f]
37 Rh-63 H2O HCOONa 1000 40 20 89 99 [89f]
38 Ir-63 H2O HCOONa 100 40 0.7 99 97 [89f]
39 Ir-63 H2O HCOONa 1000 40 2.5 97 98 [89f]
40 Ru-63[d] H2O HCOONa 100 40 2 99 96 [89f]
41 Rh-63[d] H2O HCOONa 100 40 0.7 97 98 [89f]
42 Ir-63[d] H2O HCOONa 100 40 0.7 99 96 [89f]
43 Ru-64a H2O HCOONa 100 40 10 95 50 [89j]
44 Rh-64a H2O HCOONa 100 40 20 85 41 [89j]
45 Ir-64a H2O HCOONa 100 40 1.5 100 27 [89j]
46 Ru-64b H2O HCOONa 100 40 3.5 >99 73 [89j]
47 Rh-64b H2O HCOONa 100 40 22 77 68 [89j]
48 Ir-64b H2O HCOONa 100 40 2.5 100 54 [89j]
49 Ru-64c H2O HCOONa 100 40 5 97 60 [89j]
50 Rh-64c H2O HCOONa 100 40 5 63 31 [89j]
51 Ir-64c H2O HCOONa 100 40 5 61 7 [89j]
52 Ru-65 H2O HCOONa 100 40 12 84 71 [89j]
53 Rh-65 H2O HCOONa 100 40 20 92 55 [89j]
54 Ir-65 H2O HCOONa 100 40 5 >99 27 [89j]
55 Ru-65[d] H2O HCOONa 40 RT – 81 73 [89u]
56 Ir-7 H2O HCOONa 100 60 47 99 62 [89e,k]
57 Rh-67 H2O HCOONa 100 40 0.5 100 93 [89n]
58 Rh-67[g] H2O HCOONa 100 40 0.5 100 94 [89n]
59 Rh-67[h] H2O HCOONa 100 40 0.5 100 94 [89n]
60 Ru-66 H2O HCOONa 40 50 – 13 81 [89u]
61 Ru-68 H2O HCOONa 20 30 12 100 67 [89v]
62 Ru-69 H2O HCOONa 20 30 40 100 84 [89v]
63 11 H2O HCOONa 200 28 3 100 96 [16e]
64 70 buffer[i] HCOONa 330 37 24 20 98 [63][63]
65 71 H2O HCOONa 100 60 2–5 >99 93 [89m]
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that the intermediate M-H species involved in the ATH can
react with O2.

[50]

More recent studies of ATH in aqueous media have also
been reported. Although b-amino alcohol ligands have been
considered incompatible with HCOOH/Et3N azeotrope for
ATH in the past,[11b,f] the results in Table 2 (entries 43–55,
60) show that these ligands (64–66, Scheme 24) do catalyze
the ATH of acetophenone by formate in water; however,
they afforded only moderate reaction rates and enantiose-
lectivities.[88n, 89j,u] Using the opposite enantiomer of ligand
65, the ATH of ketones with RuII catalyst in water was re-
ported very recently and a similar result was obtained at
room temperature at an S/C ratio of 40.[89u] Interestingly, it
was shown that N-substitution in these ligands, for example,
65 vs 66, could lead to the inversion of product configura-
tion; but the ATH was observed with low conversions (en-
tries 55 and 60, Table 2).[89u] However, terpene-based chiral
amino alcohol ligands afforded no conversion in the RuII-
catalyzed ATH of ketones with formate in water, although
they were effective for the same reaction in IPA.[89h] Earlier,
l-amino acids were combined with CrII to catalyze the ATH
of ketones and of the C=N bond of oximes in a mixture of
DMF/H2O or formamide solution; good yields and moder-
ate ee values were obtained.[90]

New ligands/catalysts have also been explored for ATH in
water. The reduction of acetophenone in water with the
tethered complex 11 afforded full conversion with 96 % ee
at 28 8C in 3 h (entry 63, Table 2), and in the case of 2-ace-
tylfuran, an S/C ratio of 10 000 was feasible, with 98 % ee ob-
tained.[16e] Moreover, this catalyst enables aliphatic ketones
to be reduced in water, albeit with slightly lower ee values
(84 % ee for ATH of 1-acetylcyclohexane, see Scheme 25).
The ATH of a-substituted acetophenones with a catalyst de-
rived from the ligand 7 and [IrHCl2ACHTUNGTRENNUNG(cod)]2 displayed better
enantioselectivities than that of acetophenone (entry 56,
Table 2) as shown by Gao and co-workers; for example, pro-
piophenone was reduced in 88 % ee at 60 8C at an S/C ratio
of 100 in the presence of surfactant.[89e,k] The same reduction
could also be carried out in open air and at a higher S/C
ratio of 8000.

Based on ligand 2, Somanathan and co-workers recently
prepared a series of functionalized cydn (trans-(1R,2R)-cy-
clohexane-1,2-diamine) ligands which contained pyridine,
imidazole, isoxazole, benzoxaizole, and thiophene groups.[89n]

The catalyst RhIII-67 (Scheme 24) afforded the best perfor-
mance for the ATH of acetophenone in water with or with-

out a surfactant (entries 57–59, Table 2). The proline amide
ligands were also examined in the RuII-catalyzed ATH of
ketones in water, furnishing moderate ee values (entries 61
and 62, Table 2).[89v]

The water-soluble RuII-arene complexes 70–72 were dem-
onstrated by S�ss-Fink and co-workers to be effective for
both ketone and imine reduction by HCOONa in water.[89m]

In the case of imines, both cyclic and acyclic substrates
could be reduced by the catalysts, with ee values of up to
91 % obtained for acyclic and 88 % for cyclic ones. Slightly
earlier, Deng and co-workers reported that imines and imi-
niums could be smoothly reduced by HCOONa with RuII-
61 a in water with the aid of a surfactant.[89i] Moderate to ex-
cellent yields and ee values were obtained for both imines
and iminiums, although acyclic imines failed to be reduced.
Very recently, a new water-soluble, aminated ligand 61 b has
been applied to ATH in water for both ketones and imi-
nes.[89p] In comparison with the related RuII and IrIII cata-
lysts, RhIII-61 b afforded the best performance in the ATH
of both ketones and imines in terms of reaction rate and
enantioselectivity. For instance, the ATH of acetophenone
gave a 97 % conversion with 97 % ee in 0.5 h at 28 8C and an
S/C ratio of 100 (entries 12–14, Table 2). The catalyst also
worked well for cyclic imines, affording up to 93 % ee. To re-
flect on the potential scope of the aqueous ATH, selected
examples obtained with the catalysts aforementioned are
presented in Scheme 25.

Transfer hydrogenation of aldehyde in water has also
been demonstrated. The iridium catalyst 38 (Scheme 8)
showed excellent catalytic activity and was highly chemose-
lective to the formyl group, with TOFs of up to 1.3 � 105 h�1

being reached in the reduction of benzaldehyde by
HCOONa in water.[54a,b] Remarkably, the catalyst and ana-
logues also catalyze the hydrogenation of aldehydes in
water.[54b] Earlier, [Cp2Mo(H) ACHTUNGTRENNUNG(OTf)] was reported by Kuo
and co-workers to catalyze the transfer hydrogenation of ke-
tones and aldehydes in aqueous media.[91]

A significant feature of the aqueous ATH is that the reac-
tion rates vary with the pH value of the solution. We initial-
ly demonstrated this in the ATH of acetophenone with RuII-
1 in water.[88p] It was shown that an increase of 1 pH unit at
about pH 3.9 could result in an increase in rate of about 20
times; little reduction occurred at lower pH value, but the
pH value increased with time owing to the decomposition of
HCOOH into CO2 and H2 by the catalyst.[88p] Of note is that
the enantioselectivity varied with the pH value as well, at

Table 2. (Continued)

Entry Cat. Solvent [H][a] S/C[b] T [8C] t [h] Conv. [%] ee [%] Ref.

66 72[j] H2O HCOONa 100 60 2–5 >99 44 [89m]

[a] [H] refers to hydrogen source. [b] S/C is substrate to catalyst molar ratio. [c] F/T= formic acid/triethylamine (mixtures at various molar ratios).
[d] The opposite enantiomer of ligand was used. [e] The reaction was carried out in open air without inert gas protection throughout. [f] P2= oxide-sup-
ported ligand 2 ; the reaction was carried out in air. [g] In the presence of the surfactant CTAB (cetyltrimethylammonium bromide). [h] In the presence
of the surfactant SDS. [i] Buffer=phosphate buffer (pH 7); the reaction was carried out in the presence of enzyme (see Scheme 15). [j] BsPIT in
Scheme 24 refers to 2-(S)-(2,4,6-triisopropyl-benzenesulfonylamino)methylpyrrolidine.
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low but not high pH values.[11h, 88p] Further studies have re-
vealed that this pH dependence is common for the ATH of
ketones in water.[11h, 51,88k,o, 89h,j,m,p,t] For example, the RhIII-1
and IrIII-1 catalysts displayed a pH window of 5.5–10 and
6.5–8.5, respectively, for TOF>50 h�1 in the ATH of aceto-
phenone in water (Figure 1).[89t]

The mechanism of aqueous ATH has recently been inves-
tigated.[51,88k,89m,p,t] In a study using NMR spectroscopy, kinet-
ic and isotope measurements, and DFT calculations, we
showed that the catalytic cycle presented in Scheme 26 is
likely to operate in the ATH of ketones in water around
neutral conditions.[51] Using the ATH of acetophenone by
formate with Ru-1 as a model reaction, we demonstrated
that the RuII-H and the 16e species are active catalysts in

ATH in water, and while the
RuII-H species is visible in the
NMR spectra, the formato
complex could not be detected
in either stoichiometric or cat-
alytic reactions. Furthermore,
the kinetic profiles of the pre-
catalyst, the RuII-H, and the
16e species showed no signifi-
cant difference, indicating that
the latter two are involved in
the aqueous-phase ATH. Ki-
netic studies revealed that the
rate of the ATH reaction was
first order in both the catalyst
and ketone substrate, and was
inhibited by CO2. Together
with the NMR measurements,
this suggests that the ATH rate
is limited by hydrogen transfer
from ruthenium to the ketone,
having a transition state resem-
bling that proposed by Noyori
for non-aqueous media
(Scheme 26).[9c,d]

Water has been demonstrat-
ed to accelerate the ATH. For
instance, in the stoichiometric
reduction of acetophenone by
the isolated RuII-H species, the
rate in wet CD2Cl2 was 6 times
that in dry CD2Cl2. Further in-
sight was gained in DFT calcu-
lations, which showed that
water participates in the transi-
tion state of hydrogen transfer,
stabilizing it by about 4 kcal
mol�1 through hydrogen bond-
ing with the ketone oxygen
atom. Of further interest is
that the calculations suggest
that the participation of water
renders the hydrogen transfer
more stepwise rather than con-

Scheme 25. Selected results for ATH in water (�90% ee). See Table 2 for reaction conditions and references.

Figure 1. Initial TOF vs. pH values for the ATH of acetophenone with
M-1 (M =Rh: -~-; M= Ir: -D-) in water at 40 8C.
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certed.[51] This is in line with kinetic isotope measurements.
A similar solvent effect has recently been reported in a
DFT study on a model reduction of formaldehyde in metha-
nol.[92]

The NMR studies shed light on the effect of pH value on
the ATH. The precatalyst and the RuII-H species were
shown to be protonated at the amido nitrogen atom of their
tsdpen ligand under acidic conditions, leading to ring-open-
ing of the chelating ligand. Under neutral conditions, water
coordinates to the 16e species, presumably forming a RuII-
OH species. Thus, apart from the equilibrium effect of pH

on [HCOO�] (pKa 3.6), the pH effect on both the reaction
rate (Figure 1) and enantioselectivity aforementioned may
be accounted for by invoking the equilibrium suggested in
Scheme 27.

6. Immobilized Catalysts for Easy Separation and
Reuse

As with most other homogeneous catalysts, chiral M-di-ACHTUNGTRENNUNGamine catalysts explored in ATH are usually expensive and
cannot be easily separated from the products. From a practi-
cal, economical, and environmental viewpoint, heterogene-
ous catalysis is usually preferred over homogeneous cataly-
sis.[87d, 93] In response to this, immobilized ATH catalysts
have been developed recently. Selected examples are shown
in Scheme 28. These ligands/catalysts (73–79) have been ap-
plied in both organic and aqueous media for the ATH of ke-
tones, affording good to excellent results in terms of activity,
enantioselectivity, and recyclability (Table 3).

The water-soluble, PEG-immobilized ligand 73 represents
one of the most efficient ligands for ATH in water.[88h] A
wide range of aromatic ketones can be reduced by RuII-73
in water using HCOONa as the hydrogen source, with the
results comparable to those obtained with Ru-1 under the
same conditions. Importantly, the catalyst could be reused

Scheme 26. Proposed mechanism for the ATH of ketones in water.

Scheme 27. Formation of inactive M-OH species and less effective, ring-
opened species from the active catalyst as a result of pH variation.

Scheme 28. Immobilized ligands/catalysts for ATH.
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over 14 runs without loss of enantioselectivity in the ATH
of acetophenone in water, thus exhibiting excellent recycla-
bility and lifetime (entry 2, Table 3).[88h] In contrast, when
carried out in HCOOH/Et3N azeotrope without water, the
catalyst could only be reused two times without the rates
and ee values being eroded (entry 1, Table 3).[94] The use of
other types of supported ligands has also been demonstrated
(74–76, Scheme 28).[88i,m,89a,d,o, 95–97] In particular, the group of
Deng has designed a series of solid-supported diamine li-
gands (74 and 75, Scheme 28) and water-soluble ligands (61,
Scheme 24 and Table 2). In most cases, these ligands afford-
ed good to excellent ee values and could be recycled up to
11 times (entries 12–14, Table 2; entries 3–13, Table 3). Mes-
oporous materials functionalized with cydn (75 b) has re-
cently been reported to allow for the RhIII-catalyzed ATH
of ketones in water.[89c] A silica-supported RuII-dpen catalyst
76, reminiscent of the Noyori RuII-diphosphine-diamine hy-
drogenation catalyst, exhibited surprisingly high catalytic ac-
tivity (>99 % yields for all tested ketones) and excellent
enantioselectivities (>98 % ee) in the ATH of various aro-
matic ketones.[97] The catalyst can be recycled up to eight
times (entry 14, Table 3). Polymeric phosphines (77) and
pyridines have also been used in achiral transfer hydrogena-
tions of ketones with good reusability.[98]

Interestingly, ionic liquids have been explored as immobi-
lizing media for ATH.[99] A good example is seen in the cat-
alysts 78 and 79, which have been applied to the ATH of ke-
tones in the ionic liquid [bdim]ACHTUNGTRENNUNG[PF6] (bdim= 1-butyl-2,3-di-
methylimidazolium) with HCOOH/Et3N azeotrope as the
hydrogen source. Excellent ee values and moderate rates
were obtained, and the catalyst could be recycled up to five
times.[99a]

7. State of the Art, and Quo Vadis?

A number of powerful ATH catalysts have appeared in the
last few years, with activities and enantioselectivities ap-
proaching or surpassing some of the best AH catalysts. Most
of them are embedded with a metal–ligand bifunctionality,

but not all, and this is important as it may point to over-
looked reaction pathways. Although ruthenium, rhodium,
and iridium still dominate the scene, “greener” and inexpen-
sive iron catalysts are on the horizon. “Greening” ATH is
also made possible by employing water as solvent and im-
mobilizing soluble catalysts. Traditionally, ATH derives hy-
drogen from alcohols and formate salts but not from H2;
however, “universal” catalysts are emerging, blurring the
boundary of ATH and AH. Most often, ATH catalysts are
explored for the reduction of C=X (X= O, N, C) bonds;
however, they have also shown utility in reducing NAD+

and analogues, supplying the hydrogen source to enzymatic
and organocatalysis.

Throughout the survey, it is evident that C=O double-
bond reduction is the most extensively studied and success-
ful with transition-metal-catalyzed ATH. The Noyori-type
bifunctional catalysts are generally good for aromatic keto-
nes,[7a,b, 13b,d,16a] but not for aliphatic ones, probably because
of the lack of C�H–p interactions that are crucial for the
stereocontrol.[100] Efforts are being made to tackle the low
enantioselectivity of aliphatic ketones. The introduction of a
tether into the Noyori catalysts could improve the enantio-
selectivity for aliphatic ketones in some cases,[16c] and the
RuII-oxazoline complex 33 provided excellent enantioselec-
tivity for aromatic ketones and some aliphatic ketones.[45d]

Of particular note is the RuII complex bearing the phosphite
ligand 15, which provides satisfactory enantioselectivity for
a range of aliphatic ketones, as does the b-cyclodextrin-
modified RuII catalyst shown in Scheme 13.[19, 58,59]

The reduction of C=C bonds by ATH is less studied.
There are a few early reports using RuII-binap complexes in
the reduction of conjugated acids, affording about
90 % ee,[39, 40] and some highly polarized C=C double bonds
are reduced using the RuII catalyst.[101] Generally, however,
carbonyl groups are reduced preferentially under transition-
metal-catalyzed ATH conditions. In contrast, in organocatal-
ysis the amine-catalyzed reduction of a,b-unsaturated alde-
hydes or ketones by Hantzsch ester led only to the satura-
tion of the C=C double bonds.[67–69,71, 72]

Table 3. Comparison of supported catalysts for ATH of acetophenone.

Entry Cat. Solvent[a] [H] Runs t [h] Conv.[%] ee [%] Ref.

1 Ru-73 F/T HCOOH 3 20 99–56 91–82 [94]
2 Ru-73 H2O HCOONa 14 1–48 99–87 93 [88h]
3 Ru-74 a F/T HCOOH 5 6–44 >99–94 97 [88m]
4 Ru-74 a H2O HCOONa 7 2–60 >99–60 96 [88m]
5 Ru-74 b F/T HCOOH 3 8–88 99–44 96 [88m]
6 Ru-74 b H2O HCOONa 1 22 >99 87 [88m]
7 Ru-74 c F/T HCOOH 4 8–72 >99–45 97–96 [88m]
8 Ru-74 c H2O HCOONa 4 8–47 >99–43 92–94 [88m]
9 Ru-74 d H2O HCOONa 5 3[b] 100 98–97 [89a,o]
10 Rh-74 d H2O HCOONa 1 10 99 98 [89a,o]
11 Ru-74 e DCM F/T 6 20–40 98–52 97–87 [95]
12 Ru-74 f DCM F/T 6 – 100–94 98–97 [96]
13 Rh-75 d H2O HCOONa 6 0.7–1.5 >99–85 96–94 [89d]
14 76 DCM IPA 8 24–48 >99 >99–94 [97]

[a] F/T refers to formic acid/triethylamine azeotrope. [b] The reaction time for the recycling runs was not given.
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The ATH of imines has attracted much attention recently.
However, few ligands/catalysts can offer good to excellent
results for the ATH of C=N double bonds up to now. Cyclic
imines could be reduced with high ee values using the M-
tsdpen-type catalysts.[8a,89i,m,p, 102] The reduction could even be
carried out in water with water-soluble catalysts[89i,m,p] or by
using supported catalysts.[96] In related studies, a-branched
cycloketimines have been resolved through a dynamic kinet-
ic process, affording up to 99:1 diastereoselectivity and
98 % ee.[103] Acyclic imines seem to be more challenging with
transition-metal catalysis; good enantioselectivities were ob-
tained only for some special substrates.[89m,104] The Brønsted
acid catalysis using Hantzsch ester as the hydrogen source
provides a complementary route. Generally acyclic imines
are good substrates under organocatalytic ATH conditions;
up to 93 % ee for ketimines was achieved.[74,75] Various heter-
ocyclic compounds including benzoxazines, benzothiazines,
benzoxazinones, quinolines, and pyridine derivatives could
be reduced with high enantioselectivities.[79,80,82]

Most acyclic ketimines are difficult to synthesize, which
makes DRA of ketones attractive. The challenge in DRA is
to find a catalytic system which reduces the C=N bond pref-
erentially over its C=O counterpart. There are only two suc-
cessful transition-metal-catalyzed examples of DRA by
ATH. Kadyrov and co-workers found that [RuCl2((R)-tol-
binap)] catalyzed the DRA of ketones with ammonium for-
mate as both the hydrogen and amine source, affording up
to 95 % ee.[105] An intramolecular DRA was disclosed by
Wills and co-workers adopting Noyori�s transfer hydrogena-
tion system.[106] In organocatalysis, the DRA of ketones and
amines[76] and the DKR of a-branched aldehydes have been
successfully demonstrated, as discussed above.[77]

8. Conclusion

In concluding this Focus Review, it is clear that the past
decade or so has witnessed great strides in developing cata-
lysts for ATH reactions. This is largely triggered by the
seminal discovery made by Noyori and co-workers in 1995.
Time will attest that with the ongoing endeavors and new in-
sights, ATH will become a more versatile tool, enabling hy-
drogenations that are tractable or intractable with H2 while
offering unique insights into the chemistry of hydrogen
transfer in laboratories and in nature.

Acknowledgements

We thank Pfizer and AstraZeneca for support. J.X. is grateful to Profes-
sor Noyori for the opportunity to join the ERATO (Noyori) Molecular
Catalysis Project in 1994–96, through which he was first exposed to the
science and art of homogeneous catalysis.

[1] W. V. E. Doering, R. W. Young, J. Am. Chem. Soc. 1950, 72, 631 –
631.

[2] a) G. Descotes, D. Sinou, Tetrahedron Lett. 1976, 17, 4083 – 4086;
b) K. Ohkubo, K. Hirata, K. Yoshinaga, M. Okada, Chem. Lett.
1976, 183 – 184.

[3] D. M�ller, G. Umbricht, B. Weber, A. Pfaltz, Helv. Chim. Acta
1991, 74, 232 –240.

[4] J. P. Genet, V. Ratovelomananavidal, C. Pinel, Synlett 1993, 478 –
480.

[5] P. Gamez, F. Fache, M. Lemaire, Tetrahedron: Asymmetry 1995, 6,
705 – 718.

[6] D. A. Evans, S. G. Nelson, M. R. Gagne, A. R. Muci, J. Am. Chem.
Soc. 1993, 115, 9800 –9801.

[7] a) S. Hashiguchi, A. Fujii, J. Takehara, T. Ikariya, R. Noyori, J.
Am. Chem. Soc. 1995, 117, 7562 –7563; b) A. Fujii, S. Hashiguchi,
N. Uematsu, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 1996, 118,
2521 – 2522; c) J. Takehara, S. Hashiguchi, A. Fujii, S. Inoue, T.
Ikariya, R. Noyori, Chem. Commun. 1996, 233 –234; d) K. J.
Haack, S. Hashikuchi, A. Fujii, T. Ikariya, R. Noyori, Angew.
Chem. 1997, 109, 297 – 300; Angew. Chem. Int. Ed. Engl. 1997, 36,
285 – 288.

[8] a) N. Uematsu, A. Fujii, S. Hashiguchi, T. Ikariya, R. Noyori, J.
Am. Chem. Soc. 1996, 118, 4916 –4917; b) K. Matsumura, S. Hashi-
guchi, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 1997, 119, 8738 –
8739; c) R. Noyori, S. Hashiguchi, Acc. Chem. Res. 1997, 30, 97 –
102; d) K. Murata, K. Okano, M. Miyagi, H. Iwane, R. Noyori, T.
Ikariya, Org. Lett. 1999, 1, 1119 –1121; e) I. Yamada, R. Noyori,
Org. Lett. 2000, 2, 3425 – 3427.

[9] a) D. A. Alonso, P. Brandt, S. J. M. Nordin, P. G. Andersson, J. Am.
Chem. Soc. 1999, 121, 9580 – 9588; b) D. G. I. Petra, J. N. H. Reek,
J. W. Handgraaf, E. J. Meijer, P. Dierkes, P. C. J. Kamer, J. Brussee,
H. E. Schoemaker, P. W. N. M. van Leeuwen, Chem. Eur. J. 2000, 6,
2818 – 2829; c) M. Yamakawa, H. Ito, R. Noyori, J. Am. Chem. Soc.
2000, 122, 1466 – 1478; d) R. Noyori, M. Yamakawa, S. Hashiguchi,
J. Org. Chem. 2001, 66, 7931 – 7944; e) J. S. M. Samec, J. E. B�ck-
vall, P. G. Andersson, P. Brandt, Chem. Soc. Rev. 2006, 35, 237 –
248.

[10] T. Ikariya, K. Murata, R. Noyori, Org. Biomol. Chem. 2006, 4,
393 – 406.

[11] a) G. Zassinovich, G. Mestroni, S. Gladiali, Chem. Rev. 1992, 92,
1051 – 1069; b) M. J. Palmer, M. Wills, Tetrahedron: Asymmetry
1999, 10, 2045 –2061; c) M. Wills, M. Palmer, A. Smith, J. Kenny, T.
Walsgrove, Molecules 2000, 5, 4 –18; d) K. Everaere, A. Mortreux,
J. F. Carpentier, Adv. Synth. Catal. 2003, 345, 67 –77; e) S. E. Clap-
ham, A. Hadzovic, R. H. Morris, Coord. Chem. Rev. 2004, 248,
2201 – 2237; f) S. Gladiali, E. Alberico, Chem. Soc. Rev. 2006, 35,
226 – 236; g) T. Ikariya, A. J. Blacker, Acc. Chem. Res. 2007, 40,
1300 – 1308; h) X. F. Wu, J. L. Xiao, Chem. Commun. 2007, 2449 –
2466.

[12] K. P�ntener, L. Schwink, P. Knochel, Tetrahedron Lett. 1996, 37,
8165 – 8168.

[13] a) D. G. I. Petra, P. C. J. Kamer, P. W. N. M. van Leeuwen, K. Gou-
bitz, A. M. Van Loon, J. G. de Vries, Eur. J. Inorg. Chem. 1999,
2335 – 2341; b) D. A. Alonso, S. J. M. Nordin, P. Roth, T. Tarnai,
P. G. Andersson, M. Thommen, U. Pittelkow, J. Org. Chem. 2000,
65, 3116 –3122; c) K. Everaere, A. Mortreux, M. Bulliard, J. Brus-
see, A. van der Gen, G. Nowogrocki, J. F. Carpentier, Eur. J. Org.
Chem. 2001, 275 – 291; d) M. J. Palmer, J. A. Kenny, T. Walsgrove,
A. M. Kawamoto, M. Wills, J. Chem. Soc. Perkin Trans. 1 2002,
416 – 427.

[14] a) Y. T. Jiang, Q. Z. Jiang, X. M. Zhang, J. Am. Chem. Soc. 1998,
120, 3817 – 3818; b) H. Brunner, F. Henning, M. Weber, Tetrahe-
dron: Asymmetry 2002, 13, 37–42.

[15] J. X. Gao, T. Ikariya, R. Noyori, Organometallics 1996, 15, 1087 –
1089.

[16] a) J. Hannedouche, G. J. Clarkson, M. Wills, J. Am. Chem. Soc.
2004, 126, 986 –987; b) F. K. Cheung, A. M. Hayes, J. Hannedou-
che, A. S. Y. Yim, M. Wills, J. Org. Chem. 2005, 70, 3188 –3197;
c) A. M. Hayes, D. J. Morris, G. J. Clarkson, M. Wills, J. Am. Chem.
Soc. 2005, 127, 7318 –7319; d) D. S. Matharu, D. J. Morris, A. M.
Kawamoto, G. J. Clarkson, M. Wills, Org. Lett. 2005, 7, 5489 –5491;

Chem. Asian J. 2008, 3, 1750 – 1770 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemasianj.org 1767

Recent Advances in Asymmetric Transfer Hydrogenation

http://dx.doi.org/10.1021/ja01157a513
http://dx.doi.org/10.1021/ja01157a513
http://dx.doi.org/10.1021/ja01157a513
http://dx.doi.org/10.1016/S0040-4039(00)92581-4
http://dx.doi.org/10.1016/S0040-4039(00)92581-4
http://dx.doi.org/10.1016/S0040-4039(00)92581-4
http://dx.doi.org/10.1246/cl.1976.183
http://dx.doi.org/10.1246/cl.1976.183
http://dx.doi.org/10.1246/cl.1976.183
http://dx.doi.org/10.1246/cl.1976.183
http://dx.doi.org/10.1002/hlca.19910740123
http://dx.doi.org/10.1002/hlca.19910740123
http://dx.doi.org/10.1002/hlca.19910740123
http://dx.doi.org/10.1002/hlca.19910740123
http://dx.doi.org/10.1016/0957-4166(95)00067-Y
http://dx.doi.org/10.1016/0957-4166(95)00067-Y
http://dx.doi.org/10.1016/0957-4166(95)00067-Y
http://dx.doi.org/10.1016/0957-4166(95)00067-Y
http://dx.doi.org/10.1021/ja00074a057
http://dx.doi.org/10.1021/ja00074a057
http://dx.doi.org/10.1021/ja00074a057
http://dx.doi.org/10.1021/ja00074a057
http://dx.doi.org/10.1021/ja00133a037
http://dx.doi.org/10.1021/ja00133a037
http://dx.doi.org/10.1021/ja00133a037
http://dx.doi.org/10.1021/ja00133a037
http://dx.doi.org/10.1021/ja954126l
http://dx.doi.org/10.1021/ja954126l
http://dx.doi.org/10.1021/ja954126l
http://dx.doi.org/10.1021/ja954126l
http://dx.doi.org/10.1039/cc9960000233
http://dx.doi.org/10.1039/cc9960000233
http://dx.doi.org/10.1039/cc9960000233
http://dx.doi.org/10.1002/ange.19971090333
http://dx.doi.org/10.1002/ange.19971090333
http://dx.doi.org/10.1002/ange.19971090333
http://dx.doi.org/10.1002/ange.19971090333
http://dx.doi.org/10.1021/ja960364k
http://dx.doi.org/10.1021/ja960364k
http://dx.doi.org/10.1021/ja960364k
http://dx.doi.org/10.1021/ja960364k
http://dx.doi.org/10.1021/ja971570a
http://dx.doi.org/10.1021/ja971570a
http://dx.doi.org/10.1021/ja971570a
http://dx.doi.org/10.1021/ar9502341
http://dx.doi.org/10.1021/ar9502341
http://dx.doi.org/10.1021/ar9502341
http://dx.doi.org/10.1021/ol990226a
http://dx.doi.org/10.1021/ol990226a
http://dx.doi.org/10.1021/ol990226a
http://dx.doi.org/10.1021/ol0002119
http://dx.doi.org/10.1021/ol0002119
http://dx.doi.org/10.1021/ol0002119
http://dx.doi.org/10.1021/ja9906610
http://dx.doi.org/10.1021/ja9906610
http://dx.doi.org/10.1021/ja9906610
http://dx.doi.org/10.1021/ja9906610
http://dx.doi.org/10.1002/1521-3765(20000804)6:15%3C2818::AID-CHEM2818%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3765(20000804)6:15%3C2818::AID-CHEM2818%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3765(20000804)6:15%3C2818::AID-CHEM2818%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3765(20000804)6:15%3C2818::AID-CHEM2818%3E3.0.CO;2-Q
http://dx.doi.org/10.1021/ja991638h
http://dx.doi.org/10.1021/ja991638h
http://dx.doi.org/10.1021/ja991638h
http://dx.doi.org/10.1021/ja991638h
http://dx.doi.org/10.1021/jo010721w
http://dx.doi.org/10.1021/jo010721w
http://dx.doi.org/10.1021/jo010721w
http://dx.doi.org/10.1039/b515269k
http://dx.doi.org/10.1039/b515269k
http://dx.doi.org/10.1039/b515269k
http://dx.doi.org/10.1039/b513564h
http://dx.doi.org/10.1039/b513564h
http://dx.doi.org/10.1039/b513564h
http://dx.doi.org/10.1039/b513564h
http://dx.doi.org/10.1021/cr00013a015
http://dx.doi.org/10.1021/cr00013a015
http://dx.doi.org/10.1021/cr00013a015
http://dx.doi.org/10.1021/cr00013a015
http://dx.doi.org/10.1016/S0957-4166(99)00216-5
http://dx.doi.org/10.1016/S0957-4166(99)00216-5
http://dx.doi.org/10.1016/S0957-4166(99)00216-5
http://dx.doi.org/10.1016/S0957-4166(99)00216-5
http://dx.doi.org/10.1002/adsc.200390030
http://dx.doi.org/10.1002/adsc.200390030
http://dx.doi.org/10.1002/adsc.200390030
http://dx.doi.org/10.1016/j.ccr.2004.04.007
http://dx.doi.org/10.1016/j.ccr.2004.04.007
http://dx.doi.org/10.1016/j.ccr.2004.04.007
http://dx.doi.org/10.1016/j.ccr.2004.04.007
http://dx.doi.org/10.1039/b513396c
http://dx.doi.org/10.1039/b513396c
http://dx.doi.org/10.1039/b513396c
http://dx.doi.org/10.1039/b513396c
http://dx.doi.org/10.1021/ar700134q
http://dx.doi.org/10.1021/ar700134q
http://dx.doi.org/10.1021/ar700134q
http://dx.doi.org/10.1021/ar700134q
http://dx.doi.org/10.1039/b618340a
http://dx.doi.org/10.1039/b618340a
http://dx.doi.org/10.1039/b618340a
http://dx.doi.org/10.1016/0040-4039(96)01853-9
http://dx.doi.org/10.1016/0040-4039(96)01853-9
http://dx.doi.org/10.1016/0040-4039(96)01853-9
http://dx.doi.org/10.1016/0040-4039(96)01853-9
http://dx.doi.org/10.1021/jo991914a
http://dx.doi.org/10.1021/jo991914a
http://dx.doi.org/10.1021/jo991914a
http://dx.doi.org/10.1021/jo991914a
http://dx.doi.org/10.1002/1099-0690(200101)2001:2%3C275::AID-EJOC275%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1099-0690(200101)2001:2%3C275::AID-EJOC275%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1099-0690(200101)2001:2%3C275::AID-EJOC275%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1099-0690(200101)2001:2%3C275::AID-EJOC275%3E3.0.CO;2-N
http://dx.doi.org/10.1039/b108538g
http://dx.doi.org/10.1039/b108538g
http://dx.doi.org/10.1039/b108538g
http://dx.doi.org/10.1039/b108538g
http://dx.doi.org/10.1021/ja974095p
http://dx.doi.org/10.1021/ja974095p
http://dx.doi.org/10.1021/ja974095p
http://dx.doi.org/10.1021/ja974095p
http://dx.doi.org/10.1016/S0957-4166(02)00029-0
http://dx.doi.org/10.1016/S0957-4166(02)00029-0
http://dx.doi.org/10.1016/S0957-4166(02)00029-0
http://dx.doi.org/10.1016/S0957-4166(02)00029-0
http://dx.doi.org/10.1021/om950833b
http://dx.doi.org/10.1021/om950833b
http://dx.doi.org/10.1021/om950833b
http://dx.doi.org/10.1021/ja0392768
http://dx.doi.org/10.1021/ja0392768
http://dx.doi.org/10.1021/ja0392768
http://dx.doi.org/10.1021/ja0392768
http://dx.doi.org/10.1021/jo050032a
http://dx.doi.org/10.1021/jo050032a
http://dx.doi.org/10.1021/jo050032a
http://dx.doi.org/10.1021/ja051486s
http://dx.doi.org/10.1021/ja051486s
http://dx.doi.org/10.1021/ja051486s
http://dx.doi.org/10.1021/ja051486s
http://dx.doi.org/10.1021/ol052559f
http://dx.doi.org/10.1021/ol052559f
http://dx.doi.org/10.1021/ol052559f


e) D. S. Matharu, D. J. Morris, G. J. Clarkson, M. Wills, Chem.
Commun. 2006, 3232 –3234; f) D. J. Morris, A. M. Hayes, M. Wills,
J. Org. Chem. 2006, 71, 7035 –7044; g) F. K. Cheung, M. A. Gra-
harn, F. Minissi, M. Wills, Organometallics 2007, 26, 5346 –5351;
h) F. K. Cheung, C. X. Lin, F. Minissi, A. L. Criville, M. A.
Graham, D. J. Fox, M. Wills, Org. Lett. 2007, 9, 4659 –4662.

[17] a) I. M. Pastor, P. Vastila, H. Adolfsson, Chem. Commun. 2002,
2046 – 2047; b) I. M. Pastor, P. Vastila, H. Adolfsson, Chem. Eur. J.
2003, 9, 4031 – 4045; c) A. Bogevig, I. M. Pastor, H. Adolfsson,
Chem. Eur. J. 2004, 10, 294 – 302; d) P. Vastila, A. B. Zaitsev, J. Wet-
tergren, T. Privalov, H. Adolfsson, Chem. Eur. J. 2006, 12, 3218 –
3225; e) J. Wettergren, A. Bogevig, M. Portier, H. Adolfsson, Adv.
Synth. Catal. 2006, 348, 1277 –1282; f) A. B. Zaitsev, H. Adolfsson,
Org. Lett. 2006, 8, 5129 – 5132; g) K. Ahlford, A. B. Zaitsev, J. Ek-
strçm, H. Adolfsson, Synlett 2007, 2541 – 2544; h) J. Ekstrçm, J.
Wettergren, H. Adolfsson, Adv. Synth. Catal. 2007, 349, 1609 –
1613; i) J. Wettergren, A. B. Zaitsev, H. Adolfsson, Adv. Synth.
Catal. 2007, 349, 2556 – 2562.

[18] J. B. Sortais, V. Ritleng, A. Voelklin, A. Holuigue, H. Smail, L.
Barloy, C. Sirlin, G. K. M. Verzijl, J. A. F. Boogers, A. H. M.
de Vries, J. G. de Vries, M. Pfeffer, Org. Lett. 2005, 7, 1247 –1250.

[19] M. T. Reetz, X. G. Li, J. Am. Chem. Soc. 2006, 128, 1044 – 1045.
[20] a) W. Baratta, P. Da Ros, A. Del Zotto, A. Sechi, E. Zangrando, P.

Rigo, Angew. Chem. 2004, 116, 3668 – 3672; Angew. Chem. Int. Ed.
2004, 43, 3584 –3588; b) W. Baratta, G. Chelucci, S. Gladiali, K.
Siega, M. Toniutti, M. Zanette, E. Zangrando, P. Rigo, Angew.
Chem. 2005, 117, 6370 –6375; Angew. Chem. Int. Ed. 2005, 44,
6214 – 6219; c) W. Baratta, J. Schutz, E. Herdtweck, W. A. Herr-
mann, P. Rigo, J. Organomet. Chem. 2005, 690, 5570 –5575; d) W.
Baratta, M. Bosco, G. Chelucci, A. Del Zotto, K. Siega, M. Toniut-
ti, E. Zangrando, P. Rigo, Organometallics 2006, 25, 4611 –4620;
e) W. Baratta, E. Herdtweck, K. Siega, M. Toniutti, P. Rigo, Orga-
nometallics 2005, 24, 1660 – 1669; f) W. Baratta, G. Chelucci, E.
Herdtweck, S. Magnolia, K. Siega, P. Rigo, Angew. Chem. 2007,
119, 7795 –7798; Angew. Chem. Int. Ed. 2007, 46, 7651 –7654; g) W.
Baratta, M. Ballico, A. Del Zotto, K. Siega, S. Magnolia, P. Rigo,
Chem. Eur. J. 2008, 14, 2557 – 2563.

[21] C. Thoumazet, M. Melaimi, L. Ricard, F. Mathey, P. Le Floch, Or-
ganometallics 2003, 22, 1580 – 1581.

[22] R. J. Lundgren, M. A. Rankin, R. McDonald, G. Schatte, M. Stra-
diotto, Angew. Chem. 2007, 119, 4816 –4819; Angew. Chem. Int.
Ed. 2007, 46, 4732 –4735.

[23] T. Zweifel, J. V. Naubron, T. Buttner, T. Ott, H. Gr�tzmacher,
Angew. Chem. 2008, 120, 3289 – 3293; Angew. Chem. Int. Ed. 2008,
47, 3245 –3249.

[24] a) A. L. De Lacey, V. M. Fernandez, M. Rousset, R. Cammack,
Chem. Rev. 2007, 107, 4304 –4330; b) J. W. Peters, W. N. Lanzilotta,
B. J. Lemon, L. C. Seefeldt, Science 1998, 282, 1853 – 1858; c) Y.
Nicolet, C. Piras, P. Legrand, C. E. Hatchikian, J. C. Fontecilla-
Camps, Structure 1999, 7, 13–23; d) H. J. Fan, M. B. Hall, J. Am.
Chem. Soc. 2001, 123, 3828 –3829.

[25] R. Noyori, I. Umeda, T. Ishigami, J. Org. Chem. 1972, 37, 1542 –
1545.

[26] M. A. Radhi, L. Marko, J. Organomet. Chem. 1984, 262, 359 –364.
[27] a) K. Jothimony, S. Vancheesan, J. C. Kuriacose, J. Mol. Catal.

1985, 32, 11–16; b) K. Jothimony, S. Vancheesan, J. Mol. Catal.
1989, 52, 301 –304.

[28] C. Bianchini, E. Farnetti, M. Graziani, M. Peruzzini, A. Polo, Orga-
nometallics 1993, 12, 3753 – 3761.

[29] S. Enthaler, B. Hagemann, G. Erre, K. Junge, M. Beller, Chem.
Asian J. 2006, 1, 598 –604.

[30] S. Enthaler, G. Erre, M. K. Tse, K. Junge, M. Beller, Tetrahedron
Lett. 2006, 47, 8095 – 8099.

[31] C. P. Casey, H. R. Guan, J. Am. Chem. Soc. 2007, 129, 5816 – 5817.
[32] a) Y. Blum, D. Czarkie, Y. Rahamim, Y. Shvo, Organometallics

1985, 4, 1459 –1461; b) J. B. Johnson, J. E. B�ckvall, J. Org. Chem.
2003, 68, 7681 – 7684; c) C. P. Casey, S. W. Singer, D. R. Powell,
R. K. Hayashi, M. Kavana, J. Am. Chem. Soc. 2001, 123, 1090 –
1100.

[33] J. S. Chen, L. L. Chen, Y. Xing, G. Chen, W. Y. Shen, Z. R. Dong,
Y. Y. Li, J. X. Gao, Huaxue Xuebao 2004, 62, 1745 – 1750.

[34] C. Sui-Seng, F. Freutel, A. J. Lough, R. H. Morris, Angew. Chem.
2008, 120, 954 –957; Angew. Chem. Int. Ed. 2008, 47, 940 – 943.

[35] K. Mikami, K. Wakabayashi, Y. Yusa, K. Aikawa, Chem. Commun.
2006, 2365 – 2367.

[36] O. Hamelin, M. Rimboud, J. Pecaut, M. Fontecave, Inorg. Chem.
2007, 46, 5354 –5360.

[37] M. Ito, M. Hirakawa, K. Murata, T. Ikariya, Organometallics 2001,
20, 379 –381.

[38] T. Ohta, H. Takaya, M. Kitamura, K. Nagai, R. Noyori, J. Org.
Chem. 1987, 52, 3174 –3176.

[39] J. M. Brown, H. Brunner, W. Leitner, M. Rose, Tetrahedron: Asym-
metry 1991, 2, 331 – 334.

[40] M. Saburi, M. Ohnuki, M. Ogasawara, T. Takahashi, Y. Uchida,
Tetrahedron Lett. 1992, 33, 5783 – 5786.

[41] B. T. Khai, A. Arcelli, Tetrahedron Lett. 1996, 37, 6599 – 6602.
[42] a) T. Ohkuma, H. Ooka, S. Hashiguchi, T. Ikariya, R. Noyori, J.

Am. Chem. Soc. 1995, 117, 2675 –2676; b) T. Ohkuma, H. Ooka, T.
Ikariya, R. Noyori, J. Am. Chem. Soc. 1995, 117, 10417 –10418;
c) T. Ohkuma, H. Ooka, M. Yamakawa, T. Ikariya, R. Noyori, J.
Org. Chem. 1996, 61, 4872 –4873; d) T. Ohkuma, H. Ikehira, T.
Ikariya, R. Noyori, Synlett 1997, 467 – 468; e) H. Doucet, T.
Ohkuma, K. Murata, T. Yokozawa, M. Kozawa, E. Katayama, A. F.
England, T. Ikariya, R. Noyori, Angew. Chem. 1998, 110, 1792 –
1796; Angew. Chem. Int. Ed. 1998, 37, 1703 –1707; f) T. Ohkuma,
H. Doucet, T. Pham, K. Mikami, T. Korenaga, M. Terada, R.
Noyori, J. Am. Chem. Soc. 1998, 120, 1086 – 1087; g) T. Ohkuma,
M. Koizumi, H. Doucet, T. Pham, M. Kozawa, K. Murata, E. Ka-
tayama, T. Yokozawa, T. Ikariya, R. Noyori, J. Am. Chem. Soc.
1998, 120, 13529 –13530; h) K. Mikami, T. Korenaga, M. Terada, T.
Ohkuma, T. Pham, R. Noyori, Angew. Chem. 1999, 111, 517 –519;
Angew. Chem. Int. Ed. 1999, 38, 495 –497; i) P. Cao, X. M. Zhang, J.
Org. Chem. 1999, 64, 2127 –2129; j) T. Ohkuma, D. Ishii, H.
Takeno, R. Noyori, J. Am. Chem. Soc. 2000, 122, 6510 –6511; k) T.
Ohkuma, M. Koizumi, M. Yoshida, R. Noyori, Org. Lett. 2000, 2,
1749 – 1751; l) T. Ohkuma, M. Koizumi, H. Ikehira, T. Yokozawa,
R. Noyori, Org. Lett. 2000, 2, 659 – 662; m) K. Abdur-Rashid, A. J.
Lough, R. H. Morris, Organometallics 2000, 19, 2655 –2657; n) M. J.
Burk, W. Hems, D. Herzberg, C. Malan, A. Zanotti-Gerosa, Org.
Lett. 2000, 2, 4173 –4176; o) T. Ohkuma, H. Takeno, Y. Honda, R.
Noyori, Adv. Synth. Catal. 2001, 343, 369 – 375; p) K. Abdur-
Rashid, M. Faatz, A. J. Lough, R. H. Morris, J. Am. Chem. Soc.
2001, 123, 7473 –7474; q) K. Abdur-Rashid, A. J. Lough, R. H.
Morris, Organometallics 2001, 20, 1047 –1049; r) K. Abdur-Rashid,
S. E. Clapham, A. Hadzovic, J. N. Harvey, A. J. Lough, R. H.
Morris, J. Am. Chem. Soc. 2002, 124, 15104 – 15118; s) T. Ohkuma,
M. Koizumi, K. Muniz, G. Hilt, C. Kabuto, R. Noyori, J. Am.
Chem. Soc. 2002, 124, 6508 –6509.

[43] V. Rautenstrauch, X. Hoang-Cong, R. Churlaud, K. Abdur-Rashid,
R. H. Morris, Chem. Eur. J. 2003, 9, 4954 –4967.

[44] T. Ohkuma, C. A. Sandoval, R. Srinivasan, Q. Lin, Y. Wei, K.
Muniz, R. Noyori, J. Am. Chem. Soc. 2005, 127, 8288 – 8289.

[45] a) T. Langer, G. Helmchen, Tetrahedron Lett. 1996, 37, 1381 –1384;
b) T. Sammakia, E. L. Stangeland, J. Org. Chem. 1997, 62, 6104 –
6105; c) Y. Arikawa, M. Ueoka, K. Matoba, Y. Nishibayashi, M.
Hidai, S. Uemura, J. Organomet. Chem. 1999, 572, 163 –168; d) Y.
Nishibayashi, I. Takei, S. Uemura, M. Hidai, Organometallics 1999,
18, 2291 –2293.

[46] F. Naud, C. Malan, F. Spindler, C. Ruggeberg, A. T. Schmidt, H. U.
Blaser, Adv. Synth. Catal. 2006, 348, 47 –50.

[47] a) T. Ohkuma, N. Utsumi, K. Tsutsumi, K. Murata, C. Sandoval, R.
Noyori, J. Am. Chem. Soc. 2006, 128, 8724 – 8725.

[48] a) T. Ohkuma, K. Tsutsumi, N. Utsumi, N. Arai, R. Noyori, K.
Murata, Org. Lett. 2007, 9, 255 – 257; b) T. Ohkuma, N. Utsumi, M.
Watanabe, K. Tsutsumi, N. Arai, K. Murata, Org. Lett. 2007, 9,
2565 – 2567.

[49] C. A. Sandoval, T. Ohkuma, N. Utsumi, K. Tsutsumi, K. Murata,
R. Noyori, Chem. Asian J. 2006, 1, 102 –110.

1768 www.chemasianj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1750 – 1770

FOCUS REVIEWS
J. L. Xiao et al.

http://dx.doi.org/10.1039/b606288a
http://dx.doi.org/10.1039/b606288a
http://dx.doi.org/10.1039/b606288a
http://dx.doi.org/10.1039/b606288a
http://dx.doi.org/10.1021/jo061154l
http://dx.doi.org/10.1021/jo061154l
http://dx.doi.org/10.1021/jo061154l
http://dx.doi.org/10.1021/om700610y
http://dx.doi.org/10.1021/om700610y
http://dx.doi.org/10.1021/om700610y
http://dx.doi.org/10.1021/ol702226j
http://dx.doi.org/10.1021/ol702226j
http://dx.doi.org/10.1021/ol702226j
http://dx.doi.org/10.1039/b206471e
http://dx.doi.org/10.1039/b206471e
http://dx.doi.org/10.1039/b206471e
http://dx.doi.org/10.1039/b206471e
http://dx.doi.org/10.1002/chem.200304900
http://dx.doi.org/10.1002/chem.200304900
http://dx.doi.org/10.1002/chem.200304900
http://dx.doi.org/10.1002/chem.200304900
http://dx.doi.org/10.1002/adsc.200606067
http://dx.doi.org/10.1002/adsc.200606067
http://dx.doi.org/10.1002/adsc.200606067
http://dx.doi.org/10.1002/adsc.200606067
http://dx.doi.org/10.1021/ol062227q
http://dx.doi.org/10.1021/ol062227q
http://dx.doi.org/10.1021/ol062227q
http://dx.doi.org/10.1002/adsc.200700091
http://dx.doi.org/10.1002/adsc.200700091
http://dx.doi.org/10.1002/adsc.200700091
http://dx.doi.org/10.1002/adsc.200700345
http://dx.doi.org/10.1002/adsc.200700345
http://dx.doi.org/10.1002/adsc.200700345
http://dx.doi.org/10.1002/adsc.200700345
http://dx.doi.org/10.1021/ol047353d
http://dx.doi.org/10.1021/ol047353d
http://dx.doi.org/10.1021/ol047353d
http://dx.doi.org/10.1021/ja057357t
http://dx.doi.org/10.1021/ja057357t
http://dx.doi.org/10.1021/ja057357t
http://dx.doi.org/10.1002/ange.200454199
http://dx.doi.org/10.1002/ange.200454199
http://dx.doi.org/10.1002/ange.200454199
http://dx.doi.org/10.1002/anie.200454199
http://dx.doi.org/10.1002/anie.200454199
http://dx.doi.org/10.1002/anie.200454199
http://dx.doi.org/10.1002/anie.200454199
http://dx.doi.org/10.1002/ange.200502118
http://dx.doi.org/10.1002/ange.200502118
http://dx.doi.org/10.1002/ange.200502118
http://dx.doi.org/10.1002/ange.200502118
http://dx.doi.org/10.1002/anie.200502118
http://dx.doi.org/10.1002/anie.200502118
http://dx.doi.org/10.1002/anie.200502118
http://dx.doi.org/10.1002/anie.200502118
http://dx.doi.org/10.1016/j.jorganchem.2005.07.001
http://dx.doi.org/10.1016/j.jorganchem.2005.07.001
http://dx.doi.org/10.1016/j.jorganchem.2005.07.001
http://dx.doi.org/10.1021/om060408q
http://dx.doi.org/10.1021/om060408q
http://dx.doi.org/10.1021/om060408q
http://dx.doi.org/10.1021/om0491701
http://dx.doi.org/10.1021/om0491701
http://dx.doi.org/10.1021/om0491701
http://dx.doi.org/10.1021/om0491701
http://dx.doi.org/10.1002/ange.200702278
http://dx.doi.org/10.1002/ange.200702278
http://dx.doi.org/10.1002/ange.200702278
http://dx.doi.org/10.1002/ange.200702278
http://dx.doi.org/10.1002/anie.200702278
http://dx.doi.org/10.1002/anie.200702278
http://dx.doi.org/10.1002/anie.200702278
http://dx.doi.org/10.1002/chem.200701719
http://dx.doi.org/10.1002/chem.200701719
http://dx.doi.org/10.1002/chem.200701719
http://dx.doi.org/10.1021/om030065l
http://dx.doi.org/10.1021/om030065l
http://dx.doi.org/10.1021/om030065l
http://dx.doi.org/10.1021/om030065l
http://dx.doi.org/10.1002/ange.200700345
http://dx.doi.org/10.1002/ange.200700345
http://dx.doi.org/10.1002/ange.200700345
http://dx.doi.org/10.1002/anie.200700345
http://dx.doi.org/10.1002/anie.200700345
http://dx.doi.org/10.1002/anie.200700345
http://dx.doi.org/10.1002/anie.200700345
http://dx.doi.org/10.1002/ange.200704685
http://dx.doi.org/10.1002/ange.200704685
http://dx.doi.org/10.1002/ange.200704685
http://dx.doi.org/10.1002/anie.200704685
http://dx.doi.org/10.1002/anie.200704685
http://dx.doi.org/10.1002/anie.200704685
http://dx.doi.org/10.1002/anie.200704685
http://dx.doi.org/10.1126/science.282.5395.1853
http://dx.doi.org/10.1126/science.282.5395.1853
http://dx.doi.org/10.1126/science.282.5395.1853
http://dx.doi.org/10.1016/S0969-2126(99)80005-7
http://dx.doi.org/10.1016/S0969-2126(99)80005-7
http://dx.doi.org/10.1016/S0969-2126(99)80005-7
http://dx.doi.org/10.1021/ja004120i
http://dx.doi.org/10.1021/ja004120i
http://dx.doi.org/10.1021/ja004120i
http://dx.doi.org/10.1021/ja004120i
http://dx.doi.org/10.1021/jo00975a017
http://dx.doi.org/10.1021/jo00975a017
http://dx.doi.org/10.1021/jo00975a017
http://dx.doi.org/10.1016/S0022-328X(00)99163-0
http://dx.doi.org/10.1016/S0022-328X(00)99163-0
http://dx.doi.org/10.1016/S0022-328X(00)99163-0
http://dx.doi.org/10.1021/om00033a054
http://dx.doi.org/10.1021/om00033a054
http://dx.doi.org/10.1021/om00033a054
http://dx.doi.org/10.1021/om00033a054
http://dx.doi.org/10.1002/asia.200600105
http://dx.doi.org/10.1002/asia.200600105
http://dx.doi.org/10.1002/asia.200600105
http://dx.doi.org/10.1002/asia.200600105
http://dx.doi.org/10.1016/j.tetlet.2006.09.058
http://dx.doi.org/10.1016/j.tetlet.2006.09.058
http://dx.doi.org/10.1016/j.tetlet.2006.09.058
http://dx.doi.org/10.1016/j.tetlet.2006.09.058
http://dx.doi.org/10.1021/ja071159f
http://dx.doi.org/10.1021/ja071159f
http://dx.doi.org/10.1021/ja071159f
http://dx.doi.org/10.1021/om00127a027
http://dx.doi.org/10.1021/om00127a027
http://dx.doi.org/10.1021/om00127a027
http://dx.doi.org/10.1021/om00127a027
http://dx.doi.org/10.1021/jo034634a
http://dx.doi.org/10.1021/jo034634a
http://dx.doi.org/10.1021/jo034634a
http://dx.doi.org/10.1021/jo034634a
http://dx.doi.org/10.1021/ja002177z
http://dx.doi.org/10.1021/ja002177z
http://dx.doi.org/10.1021/ja002177z
http://dx.doi.org/10.1002/ange.200705115
http://dx.doi.org/10.1002/ange.200705115
http://dx.doi.org/10.1002/ange.200705115
http://dx.doi.org/10.1002/ange.200705115
http://dx.doi.org/10.1002/anie.200705115
http://dx.doi.org/10.1002/anie.200705115
http://dx.doi.org/10.1002/anie.200705115
http://dx.doi.org/10.1039/b517585b
http://dx.doi.org/10.1039/b517585b
http://dx.doi.org/10.1039/b517585b
http://dx.doi.org/10.1039/b517585b
http://dx.doi.org/10.1021/ic7005502
http://dx.doi.org/10.1021/ic7005502
http://dx.doi.org/10.1021/ic7005502
http://dx.doi.org/10.1021/ic7005502
http://dx.doi.org/10.1021/om000912+
http://dx.doi.org/10.1021/om000912+
http://dx.doi.org/10.1021/om000912+
http://dx.doi.org/10.1021/om000912+
http://dx.doi.org/10.1021/jo00390a043
http://dx.doi.org/10.1021/jo00390a043
http://dx.doi.org/10.1021/jo00390a043
http://dx.doi.org/10.1021/jo00390a043
http://dx.doi.org/10.1016/S0957-4166(00)82111-4
http://dx.doi.org/10.1016/S0957-4166(00)82111-4
http://dx.doi.org/10.1016/S0957-4166(00)82111-4
http://dx.doi.org/10.1016/S0957-4166(00)82111-4
http://dx.doi.org/10.1016/0040-4039(92)89031-7
http://dx.doi.org/10.1016/0040-4039(92)89031-7
http://dx.doi.org/10.1016/0040-4039(92)89031-7
http://dx.doi.org/10.1021/ja00114a043
http://dx.doi.org/10.1021/ja00114a043
http://dx.doi.org/10.1021/ja00114a043
http://dx.doi.org/10.1021/ja00114a043
http://dx.doi.org/10.1021/ja00146a041
http://dx.doi.org/10.1021/ja00146a041
http://dx.doi.org/10.1021/ja00146a041
http://dx.doi.org/10.1021/jo960997h
http://dx.doi.org/10.1021/jo960997h
http://dx.doi.org/10.1021/jo960997h
http://dx.doi.org/10.1021/jo960997h
http://dx.doi.org/10.1002/(SICI)1521-3757(19980619)110:12%3C1792::AID-ANGE1792%3E3.0.CO;2-9
http://dx.doi.org/10.1002/(SICI)1521-3757(19980619)110:12%3C1792::AID-ANGE1792%3E3.0.CO;2-9
http://dx.doi.org/10.1002/(SICI)1521-3757(19980619)110:12%3C1792::AID-ANGE1792%3E3.0.CO;2-9
http://dx.doi.org/10.1002/(SICI)1521-3773(19980703)37:12%3C1703::AID-ANIE1703%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1521-3773(19980703)37:12%3C1703::AID-ANIE1703%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1521-3773(19980703)37:12%3C1703::AID-ANIE1703%3E3.0.CO;2-I
http://dx.doi.org/10.1021/ja972897e
http://dx.doi.org/10.1021/ja972897e
http://dx.doi.org/10.1021/ja972897e
http://dx.doi.org/10.1021/ja983257u
http://dx.doi.org/10.1021/ja983257u
http://dx.doi.org/10.1021/ja983257u
http://dx.doi.org/10.1021/ja983257u
http://dx.doi.org/10.1002/(SICI)1521-3757(19990215)111:4%3C517::AID-ANGE517%3E3.0.CO;2-E
http://dx.doi.org/10.1002/(SICI)1521-3757(19990215)111:4%3C517::AID-ANGE517%3E3.0.CO;2-E
http://dx.doi.org/10.1002/(SICI)1521-3757(19990215)111:4%3C517::AID-ANGE517%3E3.0.CO;2-E
http://dx.doi.org/10.1002/(SICI)1521-3773(19990215)38:4%3C495::AID-ANIE495%3E3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1521-3773(19990215)38:4%3C495::AID-ANIE495%3E3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1521-3773(19990215)38:4%3C495::AID-ANIE495%3E3.0.CO;2-O
http://dx.doi.org/10.1021/jo981859q
http://dx.doi.org/10.1021/jo981859q
http://dx.doi.org/10.1021/jo981859q
http://dx.doi.org/10.1021/jo981859q
http://dx.doi.org/10.1021/ja001098k
http://dx.doi.org/10.1021/ja001098k
http://dx.doi.org/10.1021/ja001098k
http://dx.doi.org/10.1021/ol0000814
http://dx.doi.org/10.1021/ol0000814
http://dx.doi.org/10.1021/ol0000814
http://dx.doi.org/10.1021/ol0000814
http://dx.doi.org/10.1021/ol9904139
http://dx.doi.org/10.1021/ol9904139
http://dx.doi.org/10.1021/ol9904139
http://dx.doi.org/10.1021/om000231e
http://dx.doi.org/10.1021/om000231e
http://dx.doi.org/10.1021/om000231e
http://dx.doi.org/10.1021/ol000309n
http://dx.doi.org/10.1021/ol000309n
http://dx.doi.org/10.1021/ol000309n
http://dx.doi.org/10.1021/ol000309n
http://dx.doi.org/10.1002/1615-4169(20010430)343:4%3C369::AID-ADSC369%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1615-4169(20010430)343:4%3C369::AID-ADSC369%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1615-4169(20010430)343:4%3C369::AID-ADSC369%3E3.0.CO;2-3
http://dx.doi.org/10.1021/ja015902u
http://dx.doi.org/10.1021/ja015902u
http://dx.doi.org/10.1021/ja015902u
http://dx.doi.org/10.1021/ja015902u
http://dx.doi.org/10.1021/om001054k
http://dx.doi.org/10.1021/om001054k
http://dx.doi.org/10.1021/om001054k
http://dx.doi.org/10.1021/ja016817p
http://dx.doi.org/10.1021/ja016817p
http://dx.doi.org/10.1021/ja016817p
http://dx.doi.org/10.1021/ja026136+
http://dx.doi.org/10.1021/ja026136+
http://dx.doi.org/10.1021/ja026136+
http://dx.doi.org/10.1021/ja026136+
http://dx.doi.org/10.1002/chem.200304884
http://dx.doi.org/10.1002/chem.200304884
http://dx.doi.org/10.1002/chem.200304884
http://dx.doi.org/10.1021/ja052071+
http://dx.doi.org/10.1021/ja052071+
http://dx.doi.org/10.1021/ja052071+
http://dx.doi.org/10.1016/0040-4039(96)00011-1
http://dx.doi.org/10.1016/0040-4039(96)00011-1
http://dx.doi.org/10.1016/0040-4039(96)00011-1
http://dx.doi.org/10.1021/jo9711044
http://dx.doi.org/10.1021/jo9711044
http://dx.doi.org/10.1021/jo9711044
http://dx.doi.org/10.1016/S0022-328X(98)00948-6
http://dx.doi.org/10.1016/S0022-328X(98)00948-6
http://dx.doi.org/10.1016/S0022-328X(98)00948-6
http://dx.doi.org/10.1021/om990210o
http://dx.doi.org/10.1021/om990210o
http://dx.doi.org/10.1021/om990210o
http://dx.doi.org/10.1021/om990210o
http://dx.doi.org/10.1002/adsc.200505246
http://dx.doi.org/10.1002/adsc.200505246
http://dx.doi.org/10.1002/adsc.200505246
http://dx.doi.org/10.1021/ja0620989
http://dx.doi.org/10.1021/ja0620989
http://dx.doi.org/10.1021/ja0620989
http://dx.doi.org/10.1021/ol062661s
http://dx.doi.org/10.1021/ol062661s
http://dx.doi.org/10.1021/ol062661s
http://dx.doi.org/10.1021/ol070964w
http://dx.doi.org/10.1021/ol070964w
http://dx.doi.org/10.1021/ol070964w
http://dx.doi.org/10.1021/ol070964w
http://dx.doi.org/10.1002/asia.200600098
http://dx.doi.org/10.1002/asia.200600098
http://dx.doi.org/10.1002/asia.200600098


[50] a) Z. M. Heiden, T. B. Rauchfuss, J. Am. Chem. Soc. 2006, 128,
13048 – 13049; b) Z. M. Heiden, T. B. Rauchfuss, J. Am. Chem. Soc.
2007, 129, 14303 –14310.

[51] X. F. Wu, J. K. Liu, D. D. Tommaso, J. A. Iggo, C. R. A. Catlow, J.
Bacsa, J. L. Xiao, Chem. Eur. J. 2008, DOI: 10.1002/chem.
200800559.

[52] a) J. S. M. Samec, J. E. B�ckvall, Chem. Eur. J. 2002, 8, 2955 –2961;
b) K. Leijondahl, A. B. L. Fransson, J. E. B�ckvall, J. Org. Chem.
2006, 71, 8622 –8625.

[53] a) C. P. Casey, J. B. Johnson, J. Org. Chem. 2003, 68, 1998 –2001;
b) C. P. Casey, G. A. Bikzhanova, Q. Cui, I. A. Guzei, J. Am.
Chem. Soc. 2005, 127, 14062 – 14071; c) C. P. Casey, T. B. Clark,
I. A. Guzei, J. Am. Chem. Soc. 2007, 129, 11821 – 11827; d) A. H.
Ell, J. B. Johnson, J. E. B�ckvall, Chem. Commun. 2003, 1652 –
1653; e) J. S. M. Samec, A. H. Ell, J. E. B�ckvall, Chem. Commun.
2004, 2748 – 2749; f) J. S. M. Samec, A. H. Ell, J. B. Aberg, T. Priva-
lov, L. Eriksson, J. E. B�ckvall, J. Am. Chem. Soc. 2006, 128,
14293 – 14305; g) T. Privalov, J. S. M. Samec, J. E. B�ckvall, Organo-
metallics 2007, 26, 2840 –2848.

[54] a) X. F. Wu, J. K. Liu, X. H. Li, A. Zanotti-Gerosa, F. Hancock, D.
Vinci, J. W. Ruan, J. L. Xiao, Angew. Chem. 2006, 118, 6870 – 6874;
Angew. Chem. Int. Ed. 2006, 45, 6718 – 6722; b) X. F. Wu, C. Cor-
coran, S. J. Yang, J. L. Xiao, ChemSusChem 2008, 1, 71 –74.

[55] M. E. Wilson, G. M. Whitesides, J. Am. Chem. Soc. 1978, 100, 306 –
307.

[56] C. C. Lin, C. W. Lin, A. S. C. Chan, Tetrahedron: Asymmetry 1999,
10, 1887 –1893.

[57] a) J. Collot, J. Gradinaru, N. Humbert, M. Skander, A. Zocchi,
T. R. Ward, J. Am. Chem. Soc. 2003, 125, 9030 –9031; b) J. Collot,
N. Humbert, M. Skander, G. Klein, T. R. Ward, J. Organomet.
Chem. 2004, 689, 4868 –4871; c) M. Skander, N. Humbert, J. Collot,
J. Gradinaru, G. Klein, A. Loosli, J. Sauser, A. Zocchi, F. Gilardo-
ni, T. R. Ward, J. Am. Chem. Soc. 2004, 126, 14411 –14418; d) C.
Letondor, N. Humbert, T. R. Ward, Proc. Natl. Acad. Sci. USA
2005, 102, 4683 – 4687; e) C. Letondor, A. Pordea, N. Humbert, A.
Ivanova, S. Mazurek, M. Novic, T. R. Ward, J. Am. Chem. Soc.
2006, 128, 8320 – 8328; f) M. Creus, A. Pordea, T. Rossel, A. Sardo,
C. Letondor, A. Ivanova, I. Le Trong, R. E. Stenkamp, T. R. Ward,
Angew. Chem. 2008, 120, 1422 – 1426; Angew. Chem. Int. Ed. 2008,
47, 1400 –1404.

[58] A. Schlatter, M. K. Kundu, W. D. Woggon, Angew. Chem. 2004,
116, 6899 – 6902; Angew. Chem. Int. Ed. 2004, 43, 6731 – 6734.

[59] A. Schlatter, W. D. Woggon, Adv. Synth. Catal. 2008, 350, 995 –
1000.

[60] a) R. Ruppert, S. Herrmann, E. Steckhan, J. Chem. Soc. Chem.
Commun. 1988, 1150 – 1151; b) E. Steckhan, S. Herrmann, R. Rup-
pert, J. Thommes, C. Wandrey, Angew. Chem. 1990, 102, 445 –447;
Angew. Chem. Int. Ed. Engl. 1990, 29, 388 –390.

[61] a) D. Westerhausen, S. Herrmann, W. Hummel, E. Steckhan,
Angew. Chem. 1992, 104, 1496 – 1498; Angew. Chem. Int. Ed. Engl.
1992, 31, 1529 – 1531; b) H. C. Lo, R. H. Fish, Angew. Chem. 2002,
114, 496 –499; Angew. Chem. Int. Ed. 2002, 41, 478 – 481.

[62] a) J. Lutz, F. Hollmann, T. V. Ho, A. Schnyder, R. H. Fish, A.
Schmid, J. Organomet. Chem. 2004, 689, 4783 –4790; b) F. Holl-
mann, A. Kleeb, K. Otto, A. Schmid, Tetrahedron: Asymmetry
2006, 17, 867 –868.

[63] J. Canivet, G. Suss-Fink, P. Stepnicka, Eur. J. Inorg. Chem. 2007,
4736 – 4742.

[64] a) H. C. Lo, C. Leiva, O. Buriez, J. B. Kerr, M. M. Olmstead, R. H.
Fish, Inorg. Chem. 2001, 40, 6705 –6716; b) H. C. Lo, O. Buriez,
J. B. Kerr, R. H. Fish, Angew. Chem. 1999, 111, 1524 –1527; Angew.
Chem. Int. Ed. 1999, 38, 1429 – 1432.

[65] a) S. G. Ouellet, A. M. Walji, D. W. C. Macmillan, Acc. Chem. Res.
2007, 40, 1327 –1339; b) S. L. You, Chem. Asian J. 2007, 2, 820 –
827.

[66] a) K. A. Ahrendt, C. J. Borths, D. W. C. MacMillan, J. Am. Chem.
Soc. 2000, 122, 4243 –4244; b) J. F. Austin, D. W. C. MacMillan, J.
Am. Chem. Soc. 2002, 124, 1172 – 1173.

[67] J. W. Yang, M. T. H. Fonseca, B. List, Angew. Chem. 2004, 116,
6829 – 6832; Angew. Chem. Int. Ed. 2004, 43, 6660 –6662.

[68] J. W. Yang, M. T. H. Fonseca, N. Vignola, B. List, Angew. Chem.
2005, 117, 110 –112; Angew. Chem. Int. Ed. 2005, 44, 108 –110.

[69] S. G. Ouellet, J. B. Tuttle, D. W. C. MacMillan, J. Am. Chem. Soc.
2005, 127, 32–33.

[70] S. Mayer, B. List, Angew. Chem. 2006, 118, 4299 – 4301; Angew.
Chem. Int. Ed. 2006, 45, 4193 – 4195.

[71] J. B. Tuttle, S. G. Ouellet, D. W. C. MacMillan, J. Am. Chem. Soc.
2006, 128, 12662 –12663.

[72] N. J. A. Martin, B. List, J. Am. Chem. Soc. 2006, 128, 13368 –13369.
[73] a) T. Akiyama, J. Itoh, K. Fuchibe, Adv. Synth. Catal. 2006, 348,

999 – 1010; b) T. Akiyama, Chem. Rev. 2007, 107, 5744 – 5758.
[74] M. Rueping, E. Sugiono, C. Azap, T. Theissmann, M. Bolte, Org.

Lett. 2005, 7, 3781 –3783.
[75] S. Hoffmann, A. M. Seayad, B. List, Angew. Chem. 2005, 117,

7590 – 7593; Angew. Chem. Int. Ed. 2005, 44, 7424 –7427.
[76] R. I. Storer, D. E. Carrera, Y. Ni, D. W. C. MacMillan, J. Am.

Chem. Soc. 2006, 128, 84–86.
[77] S. Hoffmann, M. Nicoletti, B. List, J. Am. Chem. Soc. 2006, 128,

13074 – 13075.
[78] G. L. Li, Y. X. Liang, J. C. Antilla, J. Am. Chem. Soc. 2007, 129,

5830 – 5831.
[79] M. Rueping, A. P. Antonchick, T. Theissmann, Angew. Chem. 2006,

118, 6903 – 6907; Angew. Chem. Int. Ed. 2006, 45, 6751 –6755.
[80] M. Rueping, A. R. Antonchick, T. Theissmann, Angew. Chem.

2006, 118, 3765 –3768; Angew. Chem. Int. Ed. 2006, 45, 3683 – 3686.
[81] Q. S. Guo, D. M. Du, J. Xu, Angew. Chem. 2008, 120, 771 –774;

Angew. Chem. Int. Ed. 2008, 47, 759 –762.
[82] M. Rueping, A. P. Antonchick, Angew. Chem. 2007, 119, 4646 –

4649; Angew. Chem. Int. Ed. 2007, 46, 4562 – 4565.
[83] a) M. S. Sigman, E. N. Jacobsen, J. Am. Chem. Soc. 1998, 120,

5315 – 5316; b) M. S. Sigman, E. N. Jacobsen, J. Am. Chem. Soc.
1998, 120, 4901 – 4902; c) M. S. Sigman, P. Vachal, E. N. Jacobsen,
Angew. Chem. 2000, 112, 1336 – 1338; Angew. Chem. Int. Ed. 2000,
39, 1279 – 1281; d) P. Vachal, E. N. Jacobsen, Org. Lett. 2000, 2,
867 – 870; e) P. Vachal, E. N. Jacobsen, J. Am. Chem. Soc. 2002, 124,
10012 – 10014; f) A. G. Wenzel, E. N. Jacobsen, J. Am. Chem. Soc.
2002, 124, 12964 –12965; g) A. G. Wenzel, M. P. Lalonde, E. N. Ja-
cobsen, Synlett 2003, 1919—1922; h) G. D. Joly, E. N. Jacobsen, J.
Am. Chem. Soc. 2004, 126, 4102 – 4103; i) M. S. Taylor, E. N. Jacob-
sen, J. Am. Chem. Soc. 2004, 126, 10558 – 10559.

[84] N. J. A. Martin, L. Ozores, B. List, J. Am. Chem. Soc. 2007, 129,
8976 – 8977.

[85] J. W. Yang, B. List, Org. Lett. 2006, 8, 5653 –5655.
[86] Reviews on catalysis in water: a) S. Kobayashi, K. Manabe, Acc.

Chem. Res. 2002, 35, 209 –217; b) C. J. Li, Chem. Rev. 2005, 105,
3095 – 3165; c) C. J. Li, L. Chen, Chem. Soc. Rev. 2006, 35, 68 –82;
d) U. M. Lindstrçm, F. Andersson, Angew. Chem. 2006, 118, 562 –
565; Angew. Chem. Int. Ed. 2006, 45, 548 –551; e) C. I. Herrerias,
X. Q. Yao, Z. P. Li, C. J. Li, Chem. Rev. 2007, 107, 2546 –2562.

[87] a) F. Joo, A. Katho, J. Mol. Catal. A: Chem. 1997, 116, 3–26; b) T.
Dwars, G. Oehme, Adv. Synth. Catal. 2002, 344, 239 –260; c) F. Joo,
Acc. Chem. Res. 2002, 35, 738 –745; d) C. Saluzzo, M. Lemaire,
Adv. Synth. Catal. 2002, 344, 915 –928; e) B. Cornils, W. A. Herr-
mann, Aqueous-Phase Organometallic Catalysis: Concepts and Ap-
plications, Wiley-VCH, Weinheim, 2004.

[88] Earlier examples of ATH in water: a) C. Bubert, J. Blacker, S. M.
Brown, J. Crosby, S. Fitzjohn, J. P. Muxworthy, T. Thorpe, J. M. J.
Williams, Tetrahedron Lett. 2001, 42, 4037 –4039; b) T. Thorpe, J.
Blacker, S. M. Brown, C. Bubert, J. Crosby, S. Fitzjohn, J. P. Mux-
worthy, J. M. J. Williams, Tetrahedron Lett. 2001, 42, 4041 – 4043;
c) H. Y. Rhyoo, H. J. Park, Y. K. Chung, Chem. Commun. 2001,
2064 – 2065; d) H. Y. Rhyoo, H. J. Park, W. H. Suh, Y. K. Chung,
Tetrahedron Lett. 2002, 43, 269 –272; e) Y. Himeda, N. Onozawa-
Komatsuzaki, H. Sugihara, H. Arakawa, K. Kasuga, J. Mol. Catal.
A: Chem. 2003, 195, 95–100; f) Y. P. Ma, H. Liu, L. Chen, X. Cui,
J. Zhu, J. E. Deng, Org. Lett. 2003, 5, 2103 –2106; g) X. F. Wu,
X. G. Li, W. Hems, F. King, J. L. Xiao, Org. Biomol. Chem. 2004, 2,

Chem. Asian J. 2008, 3, 1750 – 1770 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemasianj.org 1769

Recent Advances in Asymmetric Transfer Hydrogenation

http://dx.doi.org/10.1021/ja0653831
http://dx.doi.org/10.1021/ja0653831
http://dx.doi.org/10.1021/ja0653831
http://dx.doi.org/10.1021/ja0653831
http://dx.doi.org/10.1021/ja073774p
http://dx.doi.org/10.1021/ja073774p
http://dx.doi.org/10.1021/ja073774p
http://dx.doi.org/10.1021/ja073774p
http://dx.doi.org/10.1002/1521-3765(20020703)8:13%3C2955::AID-CHEM2955%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3765(20020703)8:13%3C2955::AID-CHEM2955%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3765(20020703)8:13%3C2955::AID-CHEM2955%3E3.0.CO;2-Q
http://dx.doi.org/10.1021/jo0612527
http://dx.doi.org/10.1021/jo0612527
http://dx.doi.org/10.1021/jo0612527
http://dx.doi.org/10.1021/jo0612527
http://dx.doi.org/10.1021/jo0205457
http://dx.doi.org/10.1021/jo0205457
http://dx.doi.org/10.1021/jo0205457
http://dx.doi.org/10.1021/ja053956o
http://dx.doi.org/10.1021/ja053956o
http://dx.doi.org/10.1021/ja053956o
http://dx.doi.org/10.1021/ja053956o
http://dx.doi.org/10.1021/ja073370x
http://dx.doi.org/10.1021/ja073370x
http://dx.doi.org/10.1021/ja073370x
http://dx.doi.org/10.1039/b410698a
http://dx.doi.org/10.1039/b410698a
http://dx.doi.org/10.1039/b410698a
http://dx.doi.org/10.1039/b410698a
http://dx.doi.org/10.1021/ja061494o
http://dx.doi.org/10.1021/ja061494o
http://dx.doi.org/10.1021/ja061494o
http://dx.doi.org/10.1021/ja061494o
http://dx.doi.org/10.1021/om070169m
http://dx.doi.org/10.1021/om070169m
http://dx.doi.org/10.1021/om070169m
http://dx.doi.org/10.1021/om070169m
http://dx.doi.org/10.1002/ange.200602122
http://dx.doi.org/10.1002/ange.200602122
http://dx.doi.org/10.1002/ange.200602122
http://dx.doi.org/10.1002/anie.200602122
http://dx.doi.org/10.1002/anie.200602122
http://dx.doi.org/10.1002/anie.200602122
http://dx.doi.org/10.1002/cssc.200700086
http://dx.doi.org/10.1002/cssc.200700086
http://dx.doi.org/10.1002/cssc.200700086
http://dx.doi.org/10.1021/ja00469a064
http://dx.doi.org/10.1021/ja00469a064
http://dx.doi.org/10.1021/ja00469a064
http://dx.doi.org/10.1016/S0957-4166(99)00193-7
http://dx.doi.org/10.1016/S0957-4166(99)00193-7
http://dx.doi.org/10.1016/S0957-4166(99)00193-7
http://dx.doi.org/10.1016/S0957-4166(99)00193-7
http://dx.doi.org/10.1021/ja035545i
http://dx.doi.org/10.1021/ja035545i
http://dx.doi.org/10.1021/ja035545i
http://dx.doi.org/10.1016/j.jorganchem.2004.09.032
http://dx.doi.org/10.1016/j.jorganchem.2004.09.032
http://dx.doi.org/10.1016/j.jorganchem.2004.09.032
http://dx.doi.org/10.1016/j.jorganchem.2004.09.032
http://dx.doi.org/10.1021/ja0476718
http://dx.doi.org/10.1021/ja0476718
http://dx.doi.org/10.1021/ja0476718
http://dx.doi.org/10.1073/pnas.0409684102
http://dx.doi.org/10.1073/pnas.0409684102
http://dx.doi.org/10.1073/pnas.0409684102
http://dx.doi.org/10.1073/pnas.0409684102
http://dx.doi.org/10.1021/ja061580o
http://dx.doi.org/10.1021/ja061580o
http://dx.doi.org/10.1021/ja061580o
http://dx.doi.org/10.1021/ja061580o
http://dx.doi.org/10.1002/ange.200704865
http://dx.doi.org/10.1002/ange.200704865
http://dx.doi.org/10.1002/ange.200704865
http://dx.doi.org/10.1002/anie.200704865
http://dx.doi.org/10.1002/anie.200704865
http://dx.doi.org/10.1002/anie.200704865
http://dx.doi.org/10.1002/anie.200704865
http://dx.doi.org/10.1002/ange.200460102
http://dx.doi.org/10.1002/ange.200460102
http://dx.doi.org/10.1002/ange.200460102
http://dx.doi.org/10.1002/ange.200460102
http://dx.doi.org/10.1002/anie.200460102
http://dx.doi.org/10.1002/anie.200460102
http://dx.doi.org/10.1002/anie.200460102
http://dx.doi.org/10.1002/adsc.200700558
http://dx.doi.org/10.1002/adsc.200700558
http://dx.doi.org/10.1002/adsc.200700558
http://dx.doi.org/10.1039/c39880001150
http://dx.doi.org/10.1039/c39880001150
http://dx.doi.org/10.1039/c39880001150
http://dx.doi.org/10.1039/c39880001150
http://dx.doi.org/10.1002/ange.19901020433
http://dx.doi.org/10.1002/ange.19901020433
http://dx.doi.org/10.1002/ange.19901020433
http://dx.doi.org/10.1002/anie.199003881
http://dx.doi.org/10.1002/anie.199003881
http://dx.doi.org/10.1002/anie.199003881
http://dx.doi.org/10.1002/ange.19921041112
http://dx.doi.org/10.1002/ange.19921041112
http://dx.doi.org/10.1002/ange.19921041112
http://dx.doi.org/10.1002/anie.199215291
http://dx.doi.org/10.1002/anie.199215291
http://dx.doi.org/10.1002/anie.199215291
http://dx.doi.org/10.1002/anie.199215291
http://dx.doi.org/10.1002/1521-3757(20020201)114:3%3C496::AID-ANGE496%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3757(20020201)114:3%3C496::AID-ANGE496%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3757(20020201)114:3%3C496::AID-ANGE496%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3757(20020201)114:3%3C496::AID-ANGE496%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3773(20020201)41:3%3C478::AID-ANIE478%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3773(20020201)41:3%3C478::AID-ANIE478%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3773(20020201)41:3%3C478::AID-ANIE478%3E3.0.CO;2-K
http://dx.doi.org/10.1016/j.jorganchem.2004.09.044
http://dx.doi.org/10.1016/j.jorganchem.2004.09.044
http://dx.doi.org/10.1016/j.jorganchem.2004.09.044
http://dx.doi.org/10.1016/j.tetasy.2006.03.001
http://dx.doi.org/10.1016/j.tetasy.2006.03.001
http://dx.doi.org/10.1016/j.tetasy.2006.03.001
http://dx.doi.org/10.1016/j.tetasy.2006.03.001
http://dx.doi.org/10.1002/ejic.200700505
http://dx.doi.org/10.1002/ejic.200700505
http://dx.doi.org/10.1002/ejic.200700505
http://dx.doi.org/10.1002/ejic.200700505
http://dx.doi.org/10.1021/ic010562z
http://dx.doi.org/10.1021/ic010562z
http://dx.doi.org/10.1021/ic010562z
http://dx.doi.org/10.1002/(SICI)1521-3757(19990517)111:10%3C1524::AID-ANGE1524%3E3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1521-3757(19990517)111:10%3C1524::AID-ANGE1524%3E3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1521-3757(19990517)111:10%3C1524::AID-ANGE1524%3E3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1521-3773(19990517)38:10%3C1429::AID-ANIE1429%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1521-3773(19990517)38:10%3C1429::AID-ANIE1429%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1521-3773(19990517)38:10%3C1429::AID-ANIE1429%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1521-3773(19990517)38:10%3C1429::AID-ANIE1429%3E3.0.CO;2-Q
http://dx.doi.org/10.1021/ar7001864
http://dx.doi.org/10.1021/ar7001864
http://dx.doi.org/10.1021/ar7001864
http://dx.doi.org/10.1021/ar7001864
http://dx.doi.org/10.1002/asia.200700081
http://dx.doi.org/10.1002/asia.200700081
http://dx.doi.org/10.1002/asia.200700081
http://dx.doi.org/10.1021/ja000092s
http://dx.doi.org/10.1021/ja000092s
http://dx.doi.org/10.1021/ja000092s
http://dx.doi.org/10.1021/ja000092s
http://dx.doi.org/10.1021/ja017255c
http://dx.doi.org/10.1021/ja017255c
http://dx.doi.org/10.1021/ja017255c
http://dx.doi.org/10.1021/ja017255c
http://dx.doi.org/10.1002/ange.200461816
http://dx.doi.org/10.1002/ange.200461816
http://dx.doi.org/10.1002/ange.200461816
http://dx.doi.org/10.1002/ange.200461816
http://dx.doi.org/10.1002/anie.200461816
http://dx.doi.org/10.1002/anie.200461816
http://dx.doi.org/10.1002/anie.200461816
http://dx.doi.org/10.1002/ange.200462432
http://dx.doi.org/10.1002/ange.200462432
http://dx.doi.org/10.1002/ange.200462432
http://dx.doi.org/10.1002/ange.200462432
http://dx.doi.org/10.1002/anie.200462432
http://dx.doi.org/10.1002/anie.200462432
http://dx.doi.org/10.1002/anie.200462432
http://dx.doi.org/10.1021/ja043834g
http://dx.doi.org/10.1021/ja043834g
http://dx.doi.org/10.1021/ja043834g
http://dx.doi.org/10.1021/ja043834g
http://dx.doi.org/10.1002/ange.200600512
http://dx.doi.org/10.1002/ange.200600512
http://dx.doi.org/10.1002/ange.200600512
http://dx.doi.org/10.1002/anie.200600512
http://dx.doi.org/10.1002/anie.200600512
http://dx.doi.org/10.1002/anie.200600512
http://dx.doi.org/10.1002/anie.200600512
http://dx.doi.org/10.1021/ja0653066
http://dx.doi.org/10.1021/ja0653066
http://dx.doi.org/10.1021/ja0653066
http://dx.doi.org/10.1021/ja0653066
http://dx.doi.org/10.1021/ja065708d
http://dx.doi.org/10.1021/ja065708d
http://dx.doi.org/10.1021/ja065708d
http://dx.doi.org/10.1002/adsc.200606074
http://dx.doi.org/10.1002/adsc.200606074
http://dx.doi.org/10.1002/adsc.200606074
http://dx.doi.org/10.1002/adsc.200606074
http://dx.doi.org/10.1021/cr068374j
http://dx.doi.org/10.1021/cr068374j
http://dx.doi.org/10.1021/cr068374j
http://dx.doi.org/10.1021/ol0515964
http://dx.doi.org/10.1021/ol0515964
http://dx.doi.org/10.1021/ol0515964
http://dx.doi.org/10.1021/ol0515964
http://dx.doi.org/10.1002/ange.200503062
http://dx.doi.org/10.1002/ange.200503062
http://dx.doi.org/10.1002/ange.200503062
http://dx.doi.org/10.1002/ange.200503062
http://dx.doi.org/10.1002/anie.200503062
http://dx.doi.org/10.1002/anie.200503062
http://dx.doi.org/10.1002/anie.200503062
http://dx.doi.org/10.1021/ja057222n
http://dx.doi.org/10.1021/ja057222n
http://dx.doi.org/10.1021/ja057222n
http://dx.doi.org/10.1021/ja057222n
http://dx.doi.org/10.1021/ja065404r
http://dx.doi.org/10.1021/ja065404r
http://dx.doi.org/10.1021/ja065404r
http://dx.doi.org/10.1021/ja065404r
http://dx.doi.org/10.1021/ja070519w
http://dx.doi.org/10.1021/ja070519w
http://dx.doi.org/10.1021/ja070519w
http://dx.doi.org/10.1021/ja070519w
http://dx.doi.org/10.1002/ange.200601832
http://dx.doi.org/10.1002/ange.200601832
http://dx.doi.org/10.1002/ange.200601832
http://dx.doi.org/10.1002/ange.200601832
http://dx.doi.org/10.1002/anie.200601832
http://dx.doi.org/10.1002/anie.200601832
http://dx.doi.org/10.1002/anie.200601832
http://dx.doi.org/10.1002/ange.200600191
http://dx.doi.org/10.1002/ange.200600191
http://dx.doi.org/10.1002/ange.200600191
http://dx.doi.org/10.1002/ange.200600191
http://dx.doi.org/10.1002/anie.200600191
http://dx.doi.org/10.1002/anie.200600191
http://dx.doi.org/10.1002/anie.200600191
http://dx.doi.org/10.1002/ange.200703925
http://dx.doi.org/10.1002/ange.200703925
http://dx.doi.org/10.1002/ange.200703925
http://dx.doi.org/10.1002/anie.200703925
http://dx.doi.org/10.1002/anie.200703925
http://dx.doi.org/10.1002/anie.200703925
http://dx.doi.org/10.1002/ange.200701158
http://dx.doi.org/10.1002/ange.200701158
http://dx.doi.org/10.1002/ange.200701158
http://dx.doi.org/10.1002/anie.200701158
http://dx.doi.org/10.1002/anie.200701158
http://dx.doi.org/10.1002/anie.200701158
http://dx.doi.org/10.1021/ja980299+
http://dx.doi.org/10.1021/ja980299+
http://dx.doi.org/10.1021/ja980299+
http://dx.doi.org/10.1021/ja980299+
http://dx.doi.org/10.1021/ja980139y
http://dx.doi.org/10.1021/ja980139y
http://dx.doi.org/10.1021/ja980139y
http://dx.doi.org/10.1021/ja980139y
http://dx.doi.org/10.1002/(SICI)1521-3757(20000403)112:7%3C1336::AID-ANGE1336%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1521-3757(20000403)112:7%3C1336::AID-ANGE1336%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1521-3757(20000403)112:7%3C1336::AID-ANGE1336%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1521-3773(20000403)39:7%3C1279::AID-ANIE1279%3E3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1521-3773(20000403)39:7%3C1279::AID-ANIE1279%3E3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1521-3773(20000403)39:7%3C1279::AID-ANIE1279%3E3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1521-3773(20000403)39:7%3C1279::AID-ANIE1279%3E3.0.CO;2-U
http://dx.doi.org/10.1021/ol005636+
http://dx.doi.org/10.1021/ol005636+
http://dx.doi.org/10.1021/ol005636+
http://dx.doi.org/10.1021/ol005636+
http://dx.doi.org/10.1021/ja027246j
http://dx.doi.org/10.1021/ja027246j
http://dx.doi.org/10.1021/ja027246j
http://dx.doi.org/10.1021/ja027246j
http://dx.doi.org/10.1021/ja028353g
http://dx.doi.org/10.1021/ja028353g
http://dx.doi.org/10.1021/ja028353g
http://dx.doi.org/10.1021/ja028353g
http://dx.doi.org/10.1021/ja0494398
http://dx.doi.org/10.1021/ja0494398
http://dx.doi.org/10.1021/ja0494398
http://dx.doi.org/10.1021/ja0494398
http://dx.doi.org/10.1021/ja046259p
http://dx.doi.org/10.1021/ja046259p
http://dx.doi.org/10.1021/ja046259p
http://dx.doi.org/10.1021/ja074045c
http://dx.doi.org/10.1021/ja074045c
http://dx.doi.org/10.1021/ja074045c
http://dx.doi.org/10.1021/ja074045c
http://dx.doi.org/10.1021/ol0624373
http://dx.doi.org/10.1021/ol0624373
http://dx.doi.org/10.1021/ol0624373
http://dx.doi.org/10.1021/ar000145a
http://dx.doi.org/10.1021/ar000145a
http://dx.doi.org/10.1021/ar000145a
http://dx.doi.org/10.1021/ar000145a
http://dx.doi.org/10.1021/cr030009u
http://dx.doi.org/10.1021/cr030009u
http://dx.doi.org/10.1021/cr030009u
http://dx.doi.org/10.1021/cr030009u
http://dx.doi.org/10.1039/b507207g
http://dx.doi.org/10.1039/b507207g
http://dx.doi.org/10.1039/b507207g
http://dx.doi.org/10.1002/ange.200502882
http://dx.doi.org/10.1002/ange.200502882
http://dx.doi.org/10.1002/ange.200502882
http://dx.doi.org/10.1002/anie.200502882
http://dx.doi.org/10.1002/anie.200502882
http://dx.doi.org/10.1002/anie.200502882
http://dx.doi.org/10.1021/cr050980b
http://dx.doi.org/10.1021/cr050980b
http://dx.doi.org/10.1021/cr050980b
http://dx.doi.org/10.1016/S1381-1169(96)00075-1
http://dx.doi.org/10.1016/S1381-1169(96)00075-1
http://dx.doi.org/10.1016/S1381-1169(96)00075-1
http://dx.doi.org/10.1002/1615-4169(200206)344:3/4%3C239::AID-ADSC239%3E3.0.CO;2-O
http://dx.doi.org/10.1002/1615-4169(200206)344:3/4%3C239::AID-ADSC239%3E3.0.CO;2-O
http://dx.doi.org/10.1002/1615-4169(200206)344:3/4%3C239::AID-ADSC239%3E3.0.CO;2-O
http://dx.doi.org/10.1021/ar0100733
http://dx.doi.org/10.1021/ar0100733
http://dx.doi.org/10.1021/ar0100733
http://dx.doi.org/10.1002/1615-4169(200210)344:9%3C915::AID-ADSC915%3E3.0.CO;2-I
http://dx.doi.org/10.1002/1615-4169(200210)344:9%3C915::AID-ADSC915%3E3.0.CO;2-I
http://dx.doi.org/10.1002/1615-4169(200210)344:9%3C915::AID-ADSC915%3E3.0.CO;2-I
http://dx.doi.org/10.1016/S0040-4039(01)00623-2
http://dx.doi.org/10.1016/S0040-4039(01)00623-2
http://dx.doi.org/10.1016/S0040-4039(01)00623-2
http://dx.doi.org/10.1016/S0040-4039(01)00624-4
http://dx.doi.org/10.1016/S0040-4039(01)00624-4
http://dx.doi.org/10.1016/S0040-4039(01)00624-4
http://dx.doi.org/10.1039/b106130p
http://dx.doi.org/10.1039/b106130p
http://dx.doi.org/10.1039/b106130p
http://dx.doi.org/10.1039/b106130p
http://dx.doi.org/10.1016/S0040-4039(01)02132-3
http://dx.doi.org/10.1016/S0040-4039(01)02132-3
http://dx.doi.org/10.1016/S0040-4039(01)02132-3
http://dx.doi.org/10.1016/S1381-1169(02)00576-9
http://dx.doi.org/10.1016/S1381-1169(02)00576-9
http://dx.doi.org/10.1016/S1381-1169(02)00576-9
http://dx.doi.org/10.1016/S1381-1169(02)00576-9
http://dx.doi.org/10.1021/ol0345125
http://dx.doi.org/10.1021/ol0345125
http://dx.doi.org/10.1021/ol0345125
http://dx.doi.org/10.1039/b403627a


1818 – 1821; h) X. G. Li, X. F. Wu, W. P. Chen, F. E. Hancock, F.
King, J. L. Xiao, Org. Lett. 2004, 6, 3321 – 3324; i) P. N. Liu, J. G.
Deng, Y. Q. Tu, S. H. Wang, Chem. Commun. 2004, 2070 –2071;
j) J. Canivet, L. Karmazin-Brelot, G. Suss-Fink, J. Organomet.
Chem. 2005, 690, 3202 –3211; k) J. Canivet, G. Labat, H. Stoeckli-
Evans, G. Suss-Fink, Eur. J. Inorg. Chem. 2005, 4493 –4500; l) T.
Dwars, E. Paetzold, G. Oehme, Angew. Chem. 2005, 117, 7338 –
7364; Angew. Chem. Int. Ed. 2005, 44, 7174 –7199; m) P. N. Liu,
P. M. Gu, J. G. Deng, Y. Q. Tu, Y. P. Ma, Eur. J. Org. Chem. 2005,
3221 – 3227; n) J. C. Mao, B. S. Wan, F. Wu, S. W. Lu, Tetrahedron
Lett. 2005, 46, 7341 –7344; o) F. Wang, H. Liu, L. F. Cun, J. Zhu,
J. G. Deng, Y. Z. Jiang, J. Org. Chem. 2005, 70, 9424 –9429; p) X. F.
Wu, X. G. Li, F. King, J. L. Xiao, Angew. Chem. 2005, 117, 3473 –
3477; Angew. Chem. Int. Ed. 2005, 44, 3407 – 3411; q) X. F. Wu, D.
Vinci, T. Ikariya, J. L. Xiao, Chem. Commun. 2005, 4447 –4449;
r) J. Xiao, X. Wu, A. Zanotti-Gerosa, F. Hancock, Chim. Oggi
2005, 23, 50–55.

[89] Recent examples of ATH in water: a) Y. Arakawa, N. Haraguchi,
S. Itsuno, Tetrahedron Lett. 2006, 47, 3239 –3243; b) N. A. Cortez,
R. Rodriguez-Apodaca, G. Aguirre, M. Parra-Hake, T. Cole, R. So-
manathan, Tetrahedron Lett. 2006, 47, 8515 –8518; c) D. M. Jiang,
J. S. Gao, Q. H. Yang, J. Yang, C. Li, Chem. Mater. 2006, 18, 6012 –
6018; d) L. Jiang, T. F. Wu, Y. C. Chen, J. Zhu, J. G. Deng, Org.
Biomol. Chem. 2006, 4, 3319 –3324; e) B. Z. Li, J. S. Chen, Z. R.
Dong, Y. Y. Li, Q. B. Li, J. X. Gao, J. Mol. Catal. A: Chem. 2006,
258, 113 –117; f) X. H. Li, J. Blacker, I. Houson, X. F. Wu, J. L.
Xiao, Synlett 2006, 1155 –1160; g) P. Stepnicka, J. Ludvik, J. Cani-
vet, G. Suss-Fink, Inorg. Chim. Acta 2006, 359, 2369 – 2374; h) C. C.
Watts, P. Thoniyot, F. Cappuccio, J. Verhagen, B. Gallagher, B. Sin-
garam, Tetrahedron: Asymmetry 2006, 17, 1301 – 1307; i) J. S. Wu, F.
Wang, Y. P. Ma, X. C. Cui, L. F. Cun, J. Zhu, J. G. Deng, B. L. Yu,
Chem. Commun. 2006, 1766 – 1768; j) X. F. Wu, X. H. Li, M.
McConville, O. Saidi, J. L. Xiao, J. Mol. Catal. A: Chem. 2006, 247,
153 – 158; k) Y. Xing, J. S. Chen, Z. R. Dong, Y. Y. Li, J. X. Gao,
Tetrahedron Lett. 2006, 47, 4501 –4503; l) S. Zeror, J. Collin, J. C.
Fiaud, L. A. Zouioueche, J. Mol. Catal. A:Chem. 2006, 256, 85– 89;
m) J. Canivet, G. Suss-Fink, Green Chem. 2007, 9, 391 –397;
n) N. A. Cortez, G. Aguirre, M. Parra-Hake, R. Somanathan, Tetra-
hedron Lett. 2007, 48, 4335 –4338; o) S. Itsuno, M. Takahashi, Y.
Arakawa, N. Haraguchi, Pure Appl. Chem. 2007, 79, 1471 – 1479;
p) L. Li, J. S. Wu, F. Wang, J. Liao, H. Zhang, C. X. Lian, J. Zhu,
J. G. Deng, Green Chem. 2007, 9, 23–25; q) T. S. Venkatakrishnan,
S. K. Mandal, R. Kannan, S. S. Krishnamurthy, M. Nethaji, J. Orga-
nomet. Chem. 2007, 692, 1875 –1891; r) X. F. Wu, PhD thesis, The
University of Liverpool (Liverpool), 2007, UK; s) H. F. Zhou,
Q. H. Fan, Y. Y. Huang, L. Wu, Y. M. He, W. J. Tang, L. Q. Gu,
A. S. C. Chan, J. Mol. Catal. A: Chem. 2007, 275, 47– 53; t) X. F.
Wu, X. H. Li, A. Zanotti-Gerosa, A. Pettman, J. K. Liu, A. J. Mills,

J. L. Xiao, Chem. Eur. J. 2008, 14, 2209 – 2222; u) Z. Xu, J. C. Mao,
Y. W. Zhang, J. Guo, J. L. Zhu, Catal. Commun. 2008, 9, 618 –623;
v) S. Zeror, J. Collin, J. C. Fiaud, L. A. Zouioueche, Adv. Synth.
Catal. 2008, 350, 197 – 204.

[90] a) K. Micskei, C. Hajdu, L. A. Wessjohann, L. Mercs, A. Kiss-
Szikszai, T. Patonay, Tetrahedron: Asymmetry 2004, 15, 1735 –1744;
b) K. Micskei, O. Holczknecht, V. Marchis, A. Levai, T. Patonay, C.
Zucchi, G. Palyi, Chirality 2005, 17, 511 –514.

[91] a) L. Y. Kuo, T. J. R. Weakley, K. Awana, C. Hsia, Organometallics
2001, 20, 4969 –4972; b) L. Y. Kuo, D. M. Finigan, N. N. Tadros, Or-
ganometallics 2003, 22, 2422 – 2425.

[92] J. W. Handgraaf, E. J. Meijer, J. Am. Chem. Soc. 2007, 129, 3099 –
3103.

[93] a) M. Lemaire, Pure Appl. Chem. 2004, 76, 679 – 688; b) J. N. H.
Reek, S. Arevalo, R. Van Heerbeek, P. C. J. Kamer, P. van Leeu-
wen in Advances in Catalysis, Vol 49, Elsevier Academic Press Inc,
San Diego, 2006, pp. 71– 151.

[94] X. G. Li, W. P. Chen, W. Hems, F. King, J. L. Xiao, Tetrahedron
Lett. 2004, 45, 951 –953.

[95] Y. C. Chen, T. F. Wu, L. Jiang, J. G. Deng, H. Liu, J. Zhu, Y. Z.
Jiang, J. Org. Chem. 2005, 70, 1006 –1010.

[96] X. H. Huang, J. Y. Ying, Chem. Commun. 2007, 1825 – 1827.
[97] G. H. Liu, M. Yao, F. Zhang, Y. Gao, H. X. Li, Chem. Commun.

2008, 347 – 349.
[98] a) G. A. Carriedo, P. Crochet, F. J. G. Alonso, J. Gimeno, A. Presa-

Soto, Eur. J. Inorg. Chem. 2004, 3668 – 3674; b) K. Nomura, Y. Kur-
omatsu, J. Mol. Catal. A: Chem. 2006, 245, 152 –160.

[99] a) T. J. Geldbach, P. J. Dyson, J. Am. Chem. Soc. 2004, 126, 8114 –
8115; b) I. Kawasaki, K. Tsunoda, T. Tsuji, T. Yamaguchi, H. Shi-
buta, N. Uchida, M. Yamashita, S. Ohta, Chem. Commun. 2005,
2134 – 2136; c) T. J. Geldbach, G. Laurenczy, R. Scopelliti, P. J.
Dyson, Organometallics 2006, 25, 733 –742; d) J. M. Joerger, J. M.
Paris, M. Vaultier, Arkivoc 2006, 152 –160.

[100] M. Yamakawa, I. Yamada, R. Noyori, Angew. Chem. 2001, 113,
2900 – 2903; Angew. Chem. Int. Ed. 2001, 40, 2818 –2821.

[101] D. Xue, Y. C. Chen, X. Cui, Q. W. Wang, J. Zhu, J. G. Deng, J. Org.
Chem. 2005, 70, 3584 –3591.

[102] J. M. Mao, D. C. Baker, Org. Lett. 1999, 1, 841 – 843.
[103] A. Ros, A. Magriz, H. Dietrich, M. Ford, R. Fernandez, J. M. Las-

saletta, Adv. Synth. Catal. 2005, 347, 1917 – 1920.
[104] A. J. Blaker and J. Martin, in Asymmetric Catalysis on Industrial

Scale (Ed.: H. U. Blaser, E. Schmidt), Wiley-VCH, 2004, p. 201.
[105] R. Kadyrov, T. H. Riermeier, Angew. Chem. 2003, 115, 5630 – 5632;

Angew. Chem. Int. Ed. 2003, 42, 5472 –5474.
[106] G. D. Williams, R. A. Pike, C. E. Wade, M. Wills, Org. Lett. 2003, 5,

4227 – 4230.
Received: May 7, 2008

Published online: August 27, 2008

1770 www.chemasianj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1750 – 1770

FOCUS REVIEWS
J. L. Xiao et al.

http://dx.doi.org/10.1039/b403627a
http://dx.doi.org/10.1039/b403627a
http://dx.doi.org/10.1039/b403627a
http://dx.doi.org/10.1021/ol0487175
http://dx.doi.org/10.1021/ol0487175
http://dx.doi.org/10.1021/ol0487175
http://dx.doi.org/10.1039/b408533g
http://dx.doi.org/10.1039/b408533g
http://dx.doi.org/10.1039/b408533g
http://dx.doi.org/10.1016/j.jorganchem.2005.02.050
http://dx.doi.org/10.1016/j.jorganchem.2005.02.050
http://dx.doi.org/10.1016/j.jorganchem.2005.02.050
http://dx.doi.org/10.1016/j.jorganchem.2005.02.050
http://dx.doi.org/10.1002/ejic.200500498
http://dx.doi.org/10.1002/ejic.200500498
http://dx.doi.org/10.1002/ejic.200500498
http://dx.doi.org/10.1002/ange.200501365
http://dx.doi.org/10.1002/ange.200501365
http://dx.doi.org/10.1002/ange.200501365
http://dx.doi.org/10.1002/anie.200501365
http://dx.doi.org/10.1002/anie.200501365
http://dx.doi.org/10.1002/anie.200501365
http://dx.doi.org/10.1002/ejoc.200500074
http://dx.doi.org/10.1002/ejoc.200500074
http://dx.doi.org/10.1002/ejoc.200500074
http://dx.doi.org/10.1002/ejoc.200500074
http://dx.doi.org/10.1016/j.tetlet.2005.08.129
http://dx.doi.org/10.1016/j.tetlet.2005.08.129
http://dx.doi.org/10.1016/j.tetlet.2005.08.129
http://dx.doi.org/10.1016/j.tetlet.2005.08.129
http://dx.doi.org/10.1021/jo0514826
http://dx.doi.org/10.1021/jo0514826
http://dx.doi.org/10.1021/jo0514826
http://dx.doi.org/10.1002/ange.200500023
http://dx.doi.org/10.1002/ange.200500023
http://dx.doi.org/10.1002/ange.200500023
http://dx.doi.org/10.1002/anie.200500023
http://dx.doi.org/10.1002/anie.200500023
http://dx.doi.org/10.1002/anie.200500023
http://dx.doi.org/10.1039/b507276j
http://dx.doi.org/10.1039/b507276j
http://dx.doi.org/10.1039/b507276j
http://dx.doi.org/10.1016/j.tetlet.2006.03.041
http://dx.doi.org/10.1016/j.tetlet.2006.03.041
http://dx.doi.org/10.1016/j.tetlet.2006.03.041
http://dx.doi.org/10.1016/j.tetlet.2006.09.141
http://dx.doi.org/10.1016/j.tetlet.2006.09.141
http://dx.doi.org/10.1016/j.tetlet.2006.09.141
http://dx.doi.org/10.1021/cm0613307
http://dx.doi.org/10.1021/cm0613307
http://dx.doi.org/10.1021/cm0613307
http://dx.doi.org/10.1039/b608386b
http://dx.doi.org/10.1039/b608386b
http://dx.doi.org/10.1039/b608386b
http://dx.doi.org/10.1039/b608386b
http://dx.doi.org/10.1016/j.molcata.2006.01.037
http://dx.doi.org/10.1016/j.molcata.2006.01.037
http://dx.doi.org/10.1016/j.molcata.2006.01.037
http://dx.doi.org/10.1016/j.molcata.2006.01.037
http://dx.doi.org/10.1016/j.ica.2006.02.037
http://dx.doi.org/10.1016/j.ica.2006.02.037
http://dx.doi.org/10.1016/j.ica.2006.02.037
http://dx.doi.org/10.1016/j.tetasy.2006.04.025
http://dx.doi.org/10.1016/j.tetasy.2006.04.025
http://dx.doi.org/10.1016/j.tetasy.2006.04.025
http://dx.doi.org/10.1039/b600496b
http://dx.doi.org/10.1039/b600496b
http://dx.doi.org/10.1039/b600496b
http://dx.doi.org/10.1016/j.molcata.2005.11.040
http://dx.doi.org/10.1016/j.molcata.2005.11.040
http://dx.doi.org/10.1016/j.molcata.2005.11.040
http://dx.doi.org/10.1016/j.molcata.2005.11.040
http://dx.doi.org/10.1016/j.tetlet.2006.03.197
http://dx.doi.org/10.1016/j.tetlet.2006.03.197
http://dx.doi.org/10.1016/j.tetlet.2006.03.197
http://dx.doi.org/10.1016/j.molcata.2006.04.038
http://dx.doi.org/10.1016/j.molcata.2006.04.038
http://dx.doi.org/10.1016/j.molcata.2006.04.038
http://dx.doi.org/10.1039/b612518b
http://dx.doi.org/10.1039/b612518b
http://dx.doi.org/10.1039/b612518b
http://dx.doi.org/10.1016/j.tetlet.2007.04.116
http://dx.doi.org/10.1016/j.tetlet.2007.04.116
http://dx.doi.org/10.1016/j.tetlet.2007.04.116
http://dx.doi.org/10.1016/j.tetlet.2007.04.116
http://dx.doi.org/10.1351/pac200779091471
http://dx.doi.org/10.1351/pac200779091471
http://dx.doi.org/10.1351/pac200779091471
http://dx.doi.org/10.1039/b611809g
http://dx.doi.org/10.1039/b611809g
http://dx.doi.org/10.1039/b611809g
http://dx.doi.org/10.1016/j.jorganchem.2006.12.042
http://dx.doi.org/10.1016/j.jorganchem.2006.12.042
http://dx.doi.org/10.1016/j.jorganchem.2006.12.042
http://dx.doi.org/10.1016/j.jorganchem.2006.12.042
http://dx.doi.org/10.1016/j.molcata.2007.05.029
http://dx.doi.org/10.1016/j.molcata.2007.05.029
http://dx.doi.org/10.1016/j.molcata.2007.05.029
http://dx.doi.org/10.1002/chem.200701258
http://dx.doi.org/10.1002/chem.200701258
http://dx.doi.org/10.1002/chem.200701258
http://dx.doi.org/10.1016/j.catcom.2007.06.019
http://dx.doi.org/10.1016/j.catcom.2007.06.019
http://dx.doi.org/10.1016/j.catcom.2007.06.019
http://dx.doi.org/10.1002/adsc.200700272
http://dx.doi.org/10.1002/adsc.200700272
http://dx.doi.org/10.1002/adsc.200700272
http://dx.doi.org/10.1002/adsc.200700272
http://dx.doi.org/10.1016/j.tetasy.2004.04.017
http://dx.doi.org/10.1016/j.tetasy.2004.04.017
http://dx.doi.org/10.1016/j.tetasy.2004.04.017
http://dx.doi.org/10.1002/chir.20193
http://dx.doi.org/10.1002/chir.20193
http://dx.doi.org/10.1002/chir.20193
http://dx.doi.org/10.1021/om0105829
http://dx.doi.org/10.1021/om0105829
http://dx.doi.org/10.1021/om0105829
http://dx.doi.org/10.1021/om0105829
http://dx.doi.org/10.1021/om021047r
http://dx.doi.org/10.1021/om021047r
http://dx.doi.org/10.1021/om021047r
http://dx.doi.org/10.1021/om021047r
http://dx.doi.org/10.1021/ja062359e
http://dx.doi.org/10.1021/ja062359e
http://dx.doi.org/10.1021/ja062359e
http://dx.doi.org/10.1351/pac200476030679
http://dx.doi.org/10.1351/pac200476030679
http://dx.doi.org/10.1351/pac200476030679
http://dx.doi.org/10.1016/j.tetlet.2003.11.104
http://dx.doi.org/10.1016/j.tetlet.2003.11.104
http://dx.doi.org/10.1016/j.tetlet.2003.11.104
http://dx.doi.org/10.1016/j.tetlet.2003.11.104
http://dx.doi.org/10.1021/jo048317v
http://dx.doi.org/10.1021/jo048317v
http://dx.doi.org/10.1021/jo048317v
http://dx.doi.org/10.1039/b615564b
http://dx.doi.org/10.1039/b615564b
http://dx.doi.org/10.1039/b615564b
http://dx.doi.org/10.1039/b714575f
http://dx.doi.org/10.1039/b714575f
http://dx.doi.org/10.1039/b714575f
http://dx.doi.org/10.1039/b714575f
http://dx.doi.org/10.1016/j.molcata.2005.09.047
http://dx.doi.org/10.1016/j.molcata.2005.09.047
http://dx.doi.org/10.1016/j.molcata.2005.09.047
http://dx.doi.org/10.1021/ja048886k
http://dx.doi.org/10.1021/ja048886k
http://dx.doi.org/10.1021/ja048886k
http://dx.doi.org/10.1039/b500320b
http://dx.doi.org/10.1039/b500320b
http://dx.doi.org/10.1039/b500320b
http://dx.doi.org/10.1039/b500320b
http://dx.doi.org/10.1021/om050849u
http://dx.doi.org/10.1021/om050849u
http://dx.doi.org/10.1021/om050849u
http://dx.doi.org/10.1002/1521-3757(20010803)113:15%3C2900::AID-ANGE2900%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1521-3757(20010803)113:15%3C2900::AID-ANGE2900%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1521-3757(20010803)113:15%3C2900::AID-ANGE2900%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1521-3757(20010803)113:15%3C2900::AID-ANGE2900%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1521-3773(20010803)40:15%3C2818::AID-ANIE2818%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3773(20010803)40:15%3C2818::AID-ANIE2818%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3773(20010803)40:15%3C2818::AID-ANIE2818%3E3.0.CO;2-Y
http://dx.doi.org/10.1021/jo0478205
http://dx.doi.org/10.1021/jo0478205
http://dx.doi.org/10.1021/jo0478205
http://dx.doi.org/10.1021/jo0478205
http://dx.doi.org/10.1021/ol990098q
http://dx.doi.org/10.1021/ol990098q
http://dx.doi.org/10.1021/ol990098q
http://dx.doi.org/10.1002/adsc.200505291
http://dx.doi.org/10.1002/adsc.200505291
http://dx.doi.org/10.1002/adsc.200505291
http://dx.doi.org/10.1002/ange.200352503
http://dx.doi.org/10.1002/ange.200352503
http://dx.doi.org/10.1002/ange.200352503
http://dx.doi.org/10.1002/anie.200352503
http://dx.doi.org/10.1002/anie.200352503
http://dx.doi.org/10.1002/anie.200352503
http://dx.doi.org/10.1021/ol035746r
http://dx.doi.org/10.1021/ol035746r
http://dx.doi.org/10.1021/ol035746r
http://dx.doi.org/10.1021/ol035746r

